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~ to obtain teleseismic body waves. As long as the expansion is obtained
in a homogeneous region about the source, the source can be extremely
complicated. The technique has been used in other contracts for non-
linear finite difference simulations of stick—slip earthquake faulting
and an explosion in an axesymiuetric finite length tunnel.

In Section IV, both generalized ray theory and matrix techniques
were used to calculate synthetic body wave seismograms for a point source
in a layered elastic medium. Both methods are found to be equivalent
and complementary for various model calculations. Ray theory has the
advantage of giving a direct physical interpretation to observed phases.
Matrix techniques, while exact in terms of including all multipoles,
give little insight into the model, but serves as a check on the
dominant phases needed in the ray calculations.

In Section V, a data set of forty—one moderate to large earthquakes
were used to derive scaling rules for kinimatic fault models.
effective stress and static stress drop are equal ,3~~en fault t~ se time
T, and fault area, 5, are related by t = l6J~ /(71T B). Fault length
and width are empirically related by L = 2W. These scaling laws combine

I to give width and rise—time in terms of fault length. Finally averaging
reported rupture velocities yields VR 

= .72B. 
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1. SUMMARY

Previous  to  14 March  H75, t he  princ ipal investigator for this contract
was Don 1.. Anderson , w i t h  c o — i n v e s t  lg a tor s  C. B . Archamb eau , 1) . C. H ar k r i d e r ,
D. V. H e imberger  and H. K a n a m o r l .  The t i t l e  d u r i n g  t h i s  period was “ S e i s m i c
Phenomena Connected w i t h  Earthquakes and E x p l o s i o n s .”

The ma jo r  accomp l I shmen t  s during t h i s  pe r iod  can be b r o a d l y  ca tegor ized
under  the headings  of ( 1)  AppI icat ions  of 1 t1Ie ~Ir I nv e r s io n  Theorv , ( 2 )  Se ismic
Source Theory , and ( ~ Sy n t h e t i c  Body and Sur f ~Ice Wave M o d e l i n g  of Observed
Se i s m i c  E v e n t s .

( I )  A p p i  i c -at  ion of Linear invcr~
; ion i l i e -o r y

L i n e ar  m yers  ion t h e-u ~v was ap p I led to body wave t rave l  t imes and free
usc 11 l at  ion dat i to obtain the vel oc i t  v and dens it  v s t r u ct u r e  of a monopo l e
ca r t  h . The t heorv Was adapted to t i ml t lie set  u f son Fee ’ p ar amete  rs wh li -li
opt ima I l v  f i t  t h e ’ v a r i a n c e  we I g u t  ed dat a set o I spat  i a 1 and f r e q u e n cy
d i s t r i b u t e d  pat h—cor r ec t ed  R ay l  e l  ghi waves I rum the San Fernando e a r t h q u a k e .
The i n t e r e s t i n g  side r e s u l t  f rom t h i s  t e c h n i q u e  i s  the a priori d e t e r m i n a t i o n
of what  az imut  ii d i  st r I hut  ion of obse- rv et ions  i s  most b e n e f i c i a l  in d e t e rm i n i n g
the source p a r a met er s . Of t h e  18 WW SN s t a t  ions  used f o r  t h i s  event , two
s t a t  Eons contain a tot ii of 3O,~ of the t o t  a ! in  f o rma t  ion In the dat  a set

( 2 )  Se Ism Ic Source Theory

Two d i f f e r e n t  approaches  f o t  i n v e s t  I gat  ing t h e  c h a r a c t e r i s t i c s  of t he
se i smic source , in  pa r t  i c u l ar  the  det  erm inat ion of corner  f r e q u e n cy  for  P
and S waves , were developed . The f i r s t  uses t h e o r e t  it - al  volume sour ce m o d e l s
of t e c t o n i c  r e l ease  of the Archam be an  t vpe and o b t a i n s  num ericall y their
I’— and S—wave s pe ct r a .  ihe Sp e c t r a  for these - part len! ar mode I s  show a d€ ’ f i n  f t c
d I f fe  rence In th e’ P—waves and S—wave corner f reqiienc I es . Tb i s  approach v i e  I d s
t ht ’oret c i i  M~ vs m~ curves  wh I cit c lii i r e  d i scu s s e d  In t e m s  of sea 1 1 ng by t h e  —

var j u t i s  source i -  I rame t e rs . T u e  second app t-oae ii I s o oh t a In the  car t  hquake
P—wav e source h i s  t o rv  I rom compar i son  of t Iwor e  t I c  i i  and observed set smogr am s
rh is  h i  s t o ry  I s  t h e n  used as t h e  S—w av e ’ source hi story t o  ob t a i n  t heoret  I cal
seismograms w h i c h  ir e  compared w I t h  S—wave ob serva t i ons  of the same e v e n t s .

Th e ques t  ion of t u e  Va I Id  i t  v of u s i n g  f a r — f  l e l d  t h eorv  I n  order  to
de lne  source i’.i rame t C’ r s such as moment  and corner I requenc Ic 5 at range ’s
wtie re this assumpt I on i 5 ques t  t o n a b l e ’  was eVa I ui t e e l . Ihe displacement t Eel els
were nuttier teal I y Invest  I gat e’d at  i var  i e v of r .e iye - s and s o u r c e  h i s tor i e s  In
o rde r  t o  est i f r i  Ish c r i t e r i a  fo r  es t  I n h i t  In g  t lit  m i n i m u m  f a r  f i e l d  r an ge  in
hot Ii t he 1 1 mc’ ami f requencv doma I n .

The e f f e c t  of f t  n i t  i’ source r e g ion s  on var  b u s  se i i  l u g  l aws  fo r  sur f ; i e ’c
waves f rom un( 1( ’rg routid exp l osi  ems We’ re’ I nves t  I ga t e d  u s in g  s i m p l e -  t i teoret  I cal
son r e-c model s . T u e  se -a l  I ng I aws I or s I nip he model  s were found to  he c r i t  I ci 1 lv
I n f l u e n c e d  1w t u e  e f f e c t  I ye rad iu s  of t he soure -e re’g Ion . The ’ strong dependence
on r a d i u s  appears to he r e - t a t  c’d t o  t lie per  I I-c  I svmmet iv of the  source Y(’g I O h S

and w ill he’ I f lVt ’st  I g.I t e’d 1 a t  o

I
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3) Synthetic Body and Surface Wave Modeling of Observed Seismic Events

Amplitudes and arrival times of body and Rayleigh waves from NTS 
- 

-

events were used to determine an ~Ive rige- crustal model from NTS to mid—Arizona .
Transversely polar ized shear waves (SH) from well located earthquakes were also
used to determine an upper mantle shear velocity structure . It was further
demonstrated that observations of travel times for vertically polarized shear
waves (SV), the most common technique , can lead to erroneous shear structure
models due to contamination from P—SV interactions.

In order to study bod y waves from realistic models of earthquakes,
generalized ray theory was extended to a shear dislocation source.
Displacements at the surface of layered halfspace produced by a point
source dislocation were investigated . Expressing the source in terms of
P, SV and SH displacement potentials allows the solution to be expanded in
generalized rays. The transient response for each ray is obtained by the
Cagniard—deHoop method. First—motion and high—frequency asymptotic
approximations of the exact solutions were discussed .

Us ing a generalized inverse techn ique WWSSN long—period P and SH
waveforms were analyzed from the Koyna earthquake. The effects of local
plane—layered earth structure near an imbedded point dislocation source
are put in using a mod ified plane—wave ray theory which includes the
standard reflection and transmission coeffic ients plus source corrections
for radiation pattern and geometrical spreading . The generalized inverse
compares synthetic seismograms to the observed in the time domain through
the use of a correlation function . Using published crustal models of the
Koyna region and pr imarily by modelling the crustal phases P. pP, and sP,
the first 25 seconds of the long—period waveforms are synthesized for
17 stations and a focal mechanism obtained for the Koyna earthquake which
is sig n i f i c a n t ly different from previous mechanisms.

The technique has also been successfully app lied to the Borrego
Mounta in earthquake of April 9, 1968. Synthetic seismograms computed from
the resulting model match in close detail the first 25 seconds of long
peri od seismograms from a wide range of azimuths. The main shock source
time func tion was determined by a new simultaneous short period—long period
deconvolution technique as well as by the inversion technique . The duration
and shape of this time function ind icate that most of the body wave energy
was rad iated from a surface with effec tive radius of only 8 km. This is
much smaller than the total surface rupture length or the length of the25
aftershock zone . Along with the moment determination of M = 11.2 x 10 dyne—cm ,
this rad ius implies a high stress drop of about 96 bars . evidence in the
amplitude data indicates that the polarization angle of shear waves is very
sensitive to lateral structure.

A technique utilizing theoretical wave forms was developed to determine
precise shear wave travel times. This techni que was app lied to long—period
World—Wide Standard Seismograph Network and Canad i an  network seismograms of
five large nuclear explosions to obtaIn a surface focus shear wave data set
containing abou t  100 travel times for distances greater than 30°. Very

L -
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little scatter is present in the data from Nov ay a Zemlya and the Nevada t e s t
site , and so a reliable inversion to a lower mantle velocity structure is
permitted . This velocity model , based on the 59 travel times from Novaya
Zeml ya , has significantly more structure than earlier models. The model,
SI , has proved to be appropriat e for free oscillations as well as for travel
t imes. This model should he useful in stud ying both lateral inhomogeneities
and the  m i n e r a l o g i c a l  compos i t i on  of t h e  e a r t h ’ s m a n t l e .

For the period from 15 March 1975 to 30 September 1976 the principal
investigators were I). C. Harkr ider and I). V. Heimberger under the title

“3odv and Surface Wave Modeling of Observed Seismic Events.” The fol lowing
paragraphs  are  a summary of the  semi—annua l  t e c h n i c a l  report. The details
can be found in sections III through V.

In order to extend teleseismic body wave theory to more generalized
sources than  a p o i n t  shear d i s l o cat  ion , i t  is convenient to express the
source in a m u l t i p o l e  form . An expansion of an ou tgo ing  l i nea r  e las t ic  wave
f i e l d  in sphe r i ca l  ha rmon ic s  provides  an e q u i v al e n t  e1a s t i c  source of q u i t e
general  c h a r a c t e r  and n e a r l y  any  s e i s m i c  source model can he w r i t t e n  in t h i s
form . As long as the  expans ion  is done in a linear homogenious region ,
p o t e n t i a l s  can he used to c o n t i n u e  the  s o l u t i o n  in space and t ime in the
reg ion. In S.~c t i o n  I I I  t he  eq u i v a l en t  source i s  then  embedded in a s tack
of p lane elast ic  layers  represen t ing  the  near—source  cmu st a l  s t r u c t u r e
and expressions are derived fo r  coniput  l a g  t he  s teepl y emergent  bod y waves
existing at the base of the model . These d i sp lacemen t s  can then he combined
with transfer functions representing the effect of the remainder of the
travel path to compute theoretical seismograms for the body waves recorded
in the far field. Using this techniqu e’ teleseismic body waves have been
calcula ted by other investigators for relaxation sources , and for  non l inear
finite difference source calculations such as for a three—dimensional finite
difference simulation of a ar i ke - sl i p earthquake faulting and an exp losion
in an ax isymnietric finite tunnel.

One of the interesting questions concerning the use of matrix methods
in the source region is whether the assumption of plane uniform layers
imp i i c i t y  requires a source region which is uniforml y layered outside of the
local source region in which teleseismic body waves arc’ generated in
Sec t ion TV , both ray theory and propagator matrix techniques were used to
c a l c u l a t e  synthetic seismograms for a point dislocation in a layered elastic
med ium . Both methods are equivalent and comp l e m e n t a r y  fo r  var ious  model
calculations. Ray theory has the advantage of giving a direct physical
Interpretation to observed phases. Matrix techni ques , while exact in terms
of m d  tiding all multiples , g ives little’ insight int o t h e  model  h u t  does
serve as a check to t h e  ray calculations. r t  e’an also he used as a tool for
calculatine~ t h e  ci feet of grad len t s  in the  ear t h  mod e l  by a p p r o x im a t ing
them w it it many thin layers.

Tn Section V . a data  set of forty—one moderate and large earthquakes has
been used to der i v e  seal  Ing rules for  k i n e m a t i c  f a u l t  paramet  e m s .  I f  e f f e c t i v e
s t r e s s  and s t a t  I e~ st ress drop  ii~ y~ eq uaJ1y 2 then f a u l t  r i s e  t i m e  • t and fault
a rca , S , are mel at ee l try i lbs / (7 n ~

) , where -  ~ I shear ye I oe- i t  y
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Fault  length ( p a r a l l e l  to s t r ike)  and width  ( p a r a l l e l  to di p) ar e
empirically related by L — 2W. Scatter for both scaling rules is about
a factor of two . These scaling laws combine to give width and rise time
in terms of fault length. Length is then used as the sole free parameter in
a Haskell type fault model to derive scaling laws relating seismic moment to
M (20 sec. surface wave magnitude) , M to S and in (I sec body wave magnitude)
to M .  Observed data agree well with ~he predicte~ scaling relation . The
“source spectrum” depends on both azimuth and apparent velocity of the phase
or mode , so there is a different “source spectrum ” for each mode , ra ther
titan a single spectrum for all modes. Furthermore , fault width (i.e. the two
dim ensionality of faults) must not be neglected . Inclusion of width leads to
different average source spectra for surface waves and bod y waves. These
spectra In turn imp ly that 111

b 
and t4 reach maximum values regardless of

further increases in L and seismic Moment. The m
b
:M , relation from this

stud y differs significantly from the  Cutenherg—Richt~ r relation , because the
C—R equation was derived for bod y waves with a predominant period of about
S sec and thus does not app l y to modern 1 sec fi

b 
determinations. Previous

investigators who assumed that the G—R relation was derived from 1 sec data
were in e-rror. F i n a l l y  averaging reported rupt lire ’ velocities yields the
relation V

R 
= .7.~~. 
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II . Ab st r ae - ts of Pub Ii cat ions Not  Prey i °CIS lv  Reported During this
Coot ract Period

L a n g s t on  , C. A.  and R . But er , ‘‘Focal M e c h a n I s m  of the  Augus t  1, 1975 ,
Orov i lie i-arthquake ,’’ Bull. Seismo . Soc . Am ., b6 , p. 1111—1120.

Long period teleseismie P and S waves from the WWSS and Canadian networks
are mode led to determine the  foca l  p a r a m e t e r s  f or  the  main shock in the  Orovi l i e ’
earthquake se r ies .  U s i n g  t u e  te e - t in  iques of P f ir s t  not ions , waveform s y n t he s  is ,
and phase i d e n t i f i c a t i o n  t h e  f oca l  pa r amete r s  are d e t e r m i n e d  as fo~~1ows : di p 65

0
;

rake —70°; s t rik e  1800 ; d e p th  5 .5  1.5  km; moment  5 .7  ~ 2 . 0  x 102 dyne—cm;  and
a sym m e t r i c  t r i a n g u l a r  t ime f u n c t  ion 3 Se-C. in d u r a t i o n . This is a n o r t h — s o u t h
s t r i k i n g ,  wes tward  d i p p ing , norma l f a u l t  w i t h  a s m a l l  component  of l e f t — l a t e r a l
not ion . The t I me’ se pa r a t  ion her ween t t i e  sma l l  foreshiock and ma inshock appears
Ic) be 6 . 5  sec. ra t  tier t h a n  8.1 S I C ’ , as p r e v i o u s l y  d e t e r m i n e d .

Chung ,  W. Y. and H.  Kanamor i . “Source Process and Tec ton i c  I m p l i c a t i o n s  of t h e
Spanish Deep Focus Earth quake of Marc hi 2 q , 1 954 , ’ F a r t  ii and P l a n e t  . Sc i . L e t t e r s  •
in press , 1976.

The source process of the deep—f e ~us Spanish  ear thquake  of March  29 ,  1954
(mh = 7. 1 , h = 630 kin ) has been s tud ied  by u s i n g  se ismograms recorded at tele—
seismic distances. Because of i t s  unusua l l o c a t i o n , this earthquake is considered
to be one of the most important earthquakes that merit detailed studies. Long—
per iod bod y wave records reveal that the earthquake is a complicated multiple
event whose waveform is quite different from tha t of usual deep earthquakes.
The total duration of P phases at teleseismic distances is as l ong as 40 seconds.
This long duration may explain the cons iderable property damage in Granada and
Malaga . Spain , which is rather rare for deep earthquakes. Using the azimutha l
distribution of the differences between the arriva l t imes of the first , the
second and later P phases , the hypocenters of the later events are determined
with respect to the first event. The focus of the  second event is located on
t he  ver t i c a l  nodal plane of the  f i r s t  shock sugges t ing  t h a t  t h i s  v e r t i c a l  p l ane
is t h e  f a u l t  p lat t e .  T h i s  f a u l t  p lane which s t r i ke s  in N 2° E and d i p s  89 . 1 0  F

a nea r ly  v e r t i c a l  d i p — s l i p  f a u l t , the  b lock  to t l i e  west moving downwards .
The t ime in te rva l and spa t i a l  sepa ra t ion  between the f i r s t  and the  second events
a r e  4.3 sec and 19 km r e s p e c t i v e l y ,  g i v i n g  an apparent rupture velocit y of 4. 1
km/sec which is about 74% of the S wave velocity at t ue source. A third event
occurred about 8.8 sec after the first event and about 35.6 km from it. At
least 6 to 10 events can be i d e n t i f i e d  during the  w h o l e  sequence.  The mechan i sm
of some of the  l a t e r  events , however , seems to d i f f e r  f r o m  the  f i r s t  two e v e n t s .
S y n t h e t i c  sei smograms are genera ted  b y superpos i t  ion of a number of poin t  source ’s
and a r e  matched  w i t h  t he  observed si g n a l s  to d e t e r m i n e  the  seismic moment .  The
s e i s m i c  moments  of the  l a t e r  events  . Ir e ’ c o m p a r a b l e  to , or even la r ~~er t h a n , th at
of t h e ’ f i r s t .  The t o t a l  s e i s m ic  moment i s  d e t e r m i n e d  to be 7 x l0~~ dyne—cm
w h i l e  the moments of t h e  f i r s t  and the second shocks are  2 .1  x 1O- ~6 dyne—cm and
5.1 x i~~26 d yne—cm r e s p ec t i v e l y .  The e a r t h quake may respresent  a ser ies  of
t ract t i res In ~i detached p1 eec- of t he  l i t  hosphere ’  wit i c h t  sank r ap id l y m o  the
deep mant le prese’rv ing t h e  heterogene it v of m a t e r i a l  propert y at  s h a l l  ow dep t  h i s .

L ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Ge l l e r , R.  J , ,  “Scaling Relations for Earthquake Source Parameters and Magnitudes ,”
Bull. Seismo . Soc . Am., 66 , 1501—1523 , 1976.

A data set of 41 modertate and large earthquakes has been used to deriv€
scaling rules for kinematic fault parameters. If effective stress and Static
stress dr~y 

are39ual , then fault rise time , i , and fault area , 5, are related
by -r = 16S 2

1(711 
~? 

~~~~~~ where ~ is shear velocity. Fault length (parallel to strike)
and width (parallel to di p) are emp i r i ca l l y  r e l a t e d  by L = 2W. Scatter for both
scaling rules is abut a factor of two . These scaling l aws combine to give width
and rise time in terms of fault length. Length is then used as the sole free
parameter in a Haskell type fault model to derive scaling laws relating seismic
moment to Ms (20—sec surface—wave magnitude), M s to S and mb (1—sec body—wave
magnitude) to MS. Observed data agree well wit hi the predicted scal~ .g relatien .
The “ source spec t rum ” depends on both a z i m u t h  and a p p a r e n t  ve loc i ty  of the phase
or mode , so there  is a d i f f e r e n t  “sou r ce spect r um ” fo r  each mode , r a t h e r  t han  a
s ing le  spectrum for  a l l  modes.  Fu r the rmore , f a u l t  w i d t h  ( i . e .  the two d imens ion—
a l i t y  of f a u l t s )  must  not be n e g l e c t e d .  I n c l u s i o n  of width leads to different
average source spectra for  su r face  waves and body waves.  These spectra  in turn
imply  t ha t  nib and M 5 reach maximum values regardless of further increases in L
and se ismic  moment .  The nib versus Ms r e l a t i o n  f rom t h i s  s tudy  d i f f e r s  s i g n i f i—
cantly from the Gutenberg—Richter (G—R)  r e l a t i o n , because the  G—R equation was
derived for body waves with a p redominan t  period of about  5 sec and thus  does
not app ly  to modern 1—sec 

~b 
determinations. Previous investigators who assumed

that the G—R relation was derived from 1—sec data were in error. Finally,
aver ag ing reported rupture velocities yields the relation yR 0.72~~.

Hart , R. S., D. L. Anderson and H. Kanamori , “Shear Velocity and Density of an
Attenuating Earth ,” Earth and Planet. S d .  Letters , 32 , 25—34 , 1976.

The dispersion that must accompany absorption is taken into account in
many recent body—wave investigations but has been largely ignored in surface—
wave and free—oscillation studies. In order to compare body—wave and free—
oscillation data a correction must be made to trave l t imes or periods to account
for absorption—related physical dispersion. The correction depends on the
frequency and Q of the data and can be as hig h as 1% which is much larger than
the uncertainty of the raw data. Corrected toroidal mode data is inverted to
obtain shear velocity and density versus depth. The average shear velocity
in the upper 600 km is ‘-~ 2% greater than obtained from the uncorrected data.
Tite resulting shear—wave travel times oscillate about the Jeffreys—BuIlen values
with an average’ b a s e l i n e  of only +0.5 second , Thus , the discrepancy between body—
wsve and free—oscillation studies is eliminated.

H i l l , D. P. and D. L. Anderson . “A Note on the Earth ctret-cbing Anvroximation for
Love Waves ,” Bull. S€-i smo. Soc . Am., in press , 1976.

Earth flattening transformations provide an efficient means for computing
Love wave dispersion and tors ional normal mode I re-quenc ic-s in radial lv lietero—
geneous , sphericall y symmetric earth models. These’ transformations involve
-ii mp Ic algebraic seal ing factors app I led to so I Ut ions fo r  SH waves in a I ave red

______________________________ _____ ~~~~~ ,fl -— —
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h i l l — s p a c e .  They r e s u l t  in considerable computational sayings over solutions
e pressed directly in spheric-al geometry . Several earth flattening trans—
formations for SH waves are described i i i  t h e  literature (Anderson and Toksoz ,
1973; Sato , 1968 , Biswas and K’nopoff , 1970). Chapman (1973) has examined the
general cl ass o f power—law earth flattening transformations and their app li—
cation to body wave problems . In this note we clarify the earth—stretc hing
apj)roximatiorl used by Anderson and Toksoz (1963). 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
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THE BODY WAVES DUE TO A GENERAL SEISMIC SOURCE IN A LAYERE D

EARTH MODEL : 1. FORMULATION OF THE THEORY

by

T. C. Bache

and

D. G. Harkrider

ABSTRACT

The radiation field exterior to any kind of volume source

in a homo geneous medium can be represented in terms of an expan-

sion in spherical harmonics. Such an expansion then provides an

equivalen t elastic source represen tation of quite genera l

character in that nearly any proposed seismic source model,

whe ther ob taine d usin g analy tic al or numeri cal (fini te differ-

ence or finite element) methods, can be written in this form.

The compatibility of this equivalen t sour ce with curren tly used

source models, especially numerical models including detailed

computations of the nonlinear processes at the source, is dis-

cussed. The equivalent source is then embedded in a stack of

plane elastic layers representing the near—source crustal geology

and expressions are derived for computing the steeply emergent

body waves exiting the base of the model. These displacerttents

can then be combined with transfer functions representing the

effect of the remainder of the travel path to compute theoretical

seismograms for the body waves recorded in the far field .
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IN TRODUCTION 
—

A fundamental objective of theoretical seismology is

the development of computational method s for accurately

simulating the propagation of seismic waves through the earth.

The last 10 — 15 years have seen intense activity aimed at the

development of techniques for computing elastic waves in

layered media. Widespread use is being made of such methods

as generalized ray theory (e.g., Gilbert and Heimberger , 1972)

and the reflectivity method (e.g., Fuchs and M~iller , 1971)

which can compute the far field body waves in a spherically

stratified elastic earth model to almost any desired precision.

Concurrent with improvements in wave propagation tech-

niques , vastly improved methods for simulating the seismic

source (earthquake or explosion) have also come into exten—

sive use. These include complex analytical source theories

such as that of Archambeau (1968) as well as the use of

numerical finite difference/finite element methods. The

numerical methods, particularly the finite difference formula-

tions, are now being applied in attempts to directly simulate

the nonlinear processes at the source (e.g., Cherry , et al.,

1976b )

Much of the data through which we view the seismic

source i~ recorded in the far field and an important test

of any source model is how well it agrees with the far field

ground motion data. Therefore , i t  is necessary to have a

bridge between the source calculations and the elastic wave

2
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propagation techniques of theoretical seismology. That is,

we need an equivalent elastic source.

An expansion of the outgoing elastic wave field in

spherical harmonics provides an equivalent elastic source of

quite general character and nearly any seismic source model

can be written in this form. Harkrider and Archambeau (1976)

derived the expressions for computing surface waves for such

a source embedded in a stack of plane elastic layers. In

this paper the corresponding theory for the steeply emergent

body waves exi ting the base of this plane layer ed model is

given. The derivation is closely related to that of Fuchs

(1966) and Hudson (l969a ,b) who treated a similar problem

except that their source was assumed to be given in terms

of elementary point forces and their derivatives. Our re—

sults are , of course , completely equivalent where the source

representations coincide.

In the followi ng section the form of the equiv alent

elastic source and its compatibility with analytical and

— numerical source calculations is discussed. Subsequent sections

contain the deriva tion of the f ar fiel d body waves for such a

source in a layered elastic medium. Finally, we briefly

discuss the computation of theoretical body wave seismograms,

using this formulation for the seismic source and crust in the

source vicinity together with other methods for simulating the

rest of the travel path. In a companion paper (Bache and

Archambeau , 1 9 7 6) ,  the theoretical  seismogram ca lcula t ions  are

discussed in greater detail and a number of examples are ~i iven .

3
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EQUIVALENT ELASTIC SOURCE

The radiation field exterior to any kind of volume

source in a homogeneous medium can be represented in terms of

an expansion in spherical harmonics. Archambeau (1968) seems

to have been the first to recognize the usefulness of this

fundamental result and to apply it to geophysical problems.

The expansion in spherical harmonics gives a compact equiva-

lent elastic source representation of quite general character

and nearly any proposed seisr.tic source model can be cast in

this form . A brief description of this source representation

and its compatibility with commonly used source theories is

the subject of this section.

The Fourier transformed equations of motion in a homo-

geneous , isotropic, linearly elastic medium may be written

= — ( _
~
.._

) ~~~~~~ + ( a )  v ( 1)

where ~i is particle displacement and kc~ 
and k~ are the

compressional and shear wave numbers. The Cartesian poten-

tials and ~ are defined by

• — ( 4 )  
~
-, —

4 -( = . U ,

( 2 )
— 1 —

= ~.V x u ,

and may be easily shown to satisfy the wave equation

cj2~~
( J )  ÷ ~~~~~~ = 0, j  = 1, 2, 3, 4, (3)

_ _ _  ———~~~~~~~~~~~~~~~~~~ • • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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wher e k k~ = ca~/a and k. k~ = w/B for i = 1,2 ,3. This

equation has as a solution the following expansion in spherical

eigenfunctions (e.g., Morse and Feshbach (1953)),

(R,w) h~~~ (k~R) 

~~~~ 

1A~ (w)  cos m~

+ ( w )  sin m~ P~~(cosO) , (4 )

where the h~
2) are spherical Hankel functions of the second

kind and the are associated Legendre functions. The

vec tor R has as components the spherical coordinates R,8,~~.

Equations (4), together with (1), provide an elastic

point source representation of the (outgoing) displacement field .

The values of the multipole coefficients , ~~~~ (w), ~~~~ ( w ) ,

j  = 1,2,3,4, prescribe the displacement field at all points in

the homogeneous medium where (1) applies. This point source

representation can be viewed as a generalized form for a sum

of a monopole or center of dilatation (Z = 0), a dipole or

couple (Z = 1) ,  a quadrupole or double—couple ( 9 ~ 2 ) ,  etc.

For example , a center of dilatation is represented by a single

coef f ic ient ~~~~~ while for a horizontal double—couple the

nonzero coefficients are —A~
1
~ = B~~

2
~ = A~~

3
~ and

Description of the character of the elastic field gene—

ra ted by seismic sources is, of cours e, a basic geophysical

problem. For this paper it is convenient to discuss seismic

source descriptions in three categories:

5
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1. Those obtained using finite difference/finite

element numerical methods.

2. Analytical source models of relaxation type.

3.  Dislocation source models.

With numerical methods one can attempt to directly in-

clude complexities of the source mechanism in a deterministic

computational scheme. For example, finite difference methods

have been extensively used to compute the propagating shock

wave due to an underground nuclear explosion (e.g., Cherry,

et al.,, 1974). In this case the nonlinear behavior of the

rock under high stres s lo ading determines the character of

the seismic signal. If the source region can be assumed to

be embedded in a medium in which (1) app lies , an equivalent

elastic source of the form (4)  can be obtained from the out-

going displacement field. This is indicated schematically in

Figure 1. Briefly, the proce dure is to moni tor the ou tgoin g

displacement field or, alternatively, the potentials,

on a spherical surface of radius R. Using the orthogonality

of the spherical harmonics, these potentials are related to

the mul tipole coe f f i c i ents by

(~~) 2r ~r cos m~
= 

(2) f  f  ~~~~ ~~~~ P~~(cose) ~sinddOd~ ,

~ B~~~ (w)~ 
hz (k~R) 0 o sin m~ç

wher e

— 
( 2 9 ~+l) ( 9 .—rn ) I— 21T (2~+m) 

itt ~ 0

C = (2Q+l)/4i
~ 6



I I  I — ô a

Elastic Waves
Homogeneous, isotropic .7Elastic Material

Elastic Radius

Figure 1. Schematic display of the determination of an
equivalent elastic representation for an arbitrary
volume source.
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Use of this procedure for linking nonlinear finite dif-

ference source calculations with analytical wave propagation

techniques was suggested to the first author by Archambeau

( 1973 , personal communication) , and has since been implemented

for a number of complex explosion geometries (Cherry, et al.,

1975 , l976a), and for a three—dimensional finite difference

simulation of stick—slip earthquake faulting (Cherry ,

et al., l976b). The number of terms required for the expan-

sion (4) to converge depends on the symmetry of the source

radiation at frequencies of interest. The most elementary ap-

plication of the method is for one—dimensional (spherically

symmetric) explosion source calculations. For such problems

the elastic field is often described by a reduced displacement

potential defined by

R — ~~ _ _ _ _ _ _ _

R ( )

Apply ing the Fourier transform and comparing to (1) together

with (4), it is easily derived that

(w)  = — i k
3 

~V ( w )  , ( 7 )
00

which shows the equivalence between the reduced displacemen t

potential and the monopole. For more complex sources such

as an explosion in an axisymmetric tunnel (Cherry, et al.,

1975) or several explosions detonated simultaneously (Cherry,

et al., l976a ) quadru pole and higher or der terms occur in

the expansion . When an earthquake source is computed , the

7 
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leading t erm is , as expected , the quadrupole (Cherry, et al.,

l976b)

Three—dimensional relaxation models of the seismic

source mechani sm have been develo ped by Archax nbeau (1968, 1972)

and Minster ( 1 9 7 3 ) .  These authors presen t their resul ts in

terms of an expansion in spherical harmonics. One form of

Archambeau ’s model has been used in a number of stud ies of in-

duced tectonic stress release by under groun d nucl ear explo-

sions (Archa mbeau and Sairimis , 1970; Archambeau, 1972 ; Bache ,

1976). In this symmetric problem only the quadrupole term

occurs in the expansion. When the Archambeau/Minster model

is used to represent propagating ruptures (earthquakes), many

terms may be required for the expansion (4) to converge, de—

pending on faul t length, rupture velocity and frequency.

The mos t common approach to eart hquahe source theory

is to assume that dislocation theory is applicable (e.g.,

Haskell , 1964; Savage, 1966). Such theories generally

represent the source in terms of a double—couple with fre-

quency content depending on the dislocation time history

assumed. Harkrider ( 1976) has given the expressions re—

lating disloca tion source theorie s to the expan sion in

spherical harmonics (4). For a horizontal double—couple

(normal strike—slip fault) }iarkrider (1976), Equation (36),

gives the Cartesian potentials as

8 
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I 1 i-y

— P2 (cosO)
= —i li D (w) k3 sin 2~ 

2 h~
2
~ (k R) ,

4TTpw 2 a 2 a

— P1 (cosO)
= —i I~i D(w) k3 cosq 2 h ’

~
2
~ (k R) ,

1 a 8 3 2 8

(8)
— P1 (cosO)

= ~i D(u) k3 sinq 2 h ’2~ (k R) ,
2 4~ p~

2 8 3 2 8

— ~~2 f  t~~%
D’ ~C O S v j  ‘2 ’‘p = i ~ ~~~~ k~ cos 2~ 

2 h ’  ‘ (k QR)
4~yp~

2 P 2 P

where p and i.i are the density and shear modulus , and 5( w)

rep resent s t he F ourier t ransformed dislocat ion t ime history.

The implied dimensions of these potentials are per unit fault

area. The results can be generalized to finite faults by in-

troducing an integration over the fault surface. For fault

models on which the dislocation history is invariant and the

variation of phase between dislocation points and observer is

negligible over the fault plane, (8) multiplied by the fault

area are the potentials for a normal strike—slip fault.

The Cartesian potentials (~ , 
~~~~) 

are related to the dis-

placements by

t i = v~~+ v x ! .  (9)

Comparing to (1), we see that

= —k~ ~ ,

k2
( 10)

Using (10) and comparing (8) to (4), the multipole

coeffic ients for the normal strike—slip dislocation are:

9
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( 4 )  
— 

i~i 5 ( w )  k~
— 12ii(X+2~ )

—i 5(w ) k 3
CA.) —

2 1

(w ) = A~~
3
~ (w )  = —A~~~ (w) .

Expressions from which the multipole coefficients for a double—

couple at arbitrary orientation can be obtained are given by

Harkrider ( 1 9 7 6 ) ,  Appendix A.

Whether the seismic source is modeled by numerical

methods or analytical theories, the mul tipole coef f i c ients

provide a computationally convenient equivalent elastic source.

Thu s far , the discussion has been restricted to the mul tipolar

expansion with respect to a coordinate system fixed with

respect to the source. Minster (1973) gives the transforma-

tion matrices by which the multipole coefficients in a standard

coordinate system (e.g., fixed with respect to the surface of

the earth) may be obtained from any rotated system. Using these

resul t s , mul t ipole coefficients can be computed in a convenient

source related system and then rotated to a fixed geographical

system .

In the following section the equivalent elastic source

in the form discussed here will be embedded in a multilayered

medium and we will derive the expressions for computing the

steep ly emergen t , far field body waves.

10
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THE EQUIVALENT ELASTIC SOURCE IN A MULTILAYERED IIALFSPAC E

A number of authors have investigated the elastic waves

radiating from point sources in a multilayered medium over-

lying a homogeneous half space. Most of these studies have

relied on Thomson—Haskell matrix theory (Thomson , 1950;

Haskell, 1953) as will our derivation. Harkrider (1964)

developed solutions for surface waves due to elementary point

forces at depth. Fuchs (1966) derived transfer functions

which include the ef f ect of the layered crustal model on the

far field P waves from three types of sources: a center of

dilatation , a couple and a double—couple. Hudson (1969a ,b)

extended Fuchs ’ body wave results to apply to quite general

sources of finite extent and derived the analogous theory for

surface waves. However, in all these theories the source

representation is in terms of elementary point forces and

their derivatives. The representation in this form of com-

plicated sources (including terms of higher order than the

double—couple) at arbitrary orientation would appear to be an

arduous task. Thus, the usefulness of these previous results,

especially for routine numerical computations, seems to be

limited by the inherent complexity of the source representa-

tion.

The multipolar expansion discussed in the previous

section provides a unique, compact and convenient numerical

representation for seismic sources of arbitrary complexity and

or ien ta t ion .  Harkr ide r  and Archambeau ( 1 9 7 6 )  have computed the

11
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surface waves for a source given in this form embedded in a

multilayered medium. This required the formulation of the

displacement field in terms of integrals over wave number , k.

The surface waves are then givr-~a by the residue contribution

to these integrals. For the body waves it is necessary to

evaluate the branch line contribution to similar integrals and

this is the main result presented here. Derivation of the

k integrals in the appropriate form follows closely the der iva-

tions of Harkrider (1964) and Harkrider and Archambeau ( 1976)

and the notation is , for the most part , the same . It should

be pointed out that our results are completely equ ivalent to

those of Hudson (l969a ,b).. The difference is, of course, in

the source representation.

Consider a semi—infinite elastic medium made up of n

parallel , homogeneous , isotropic elastic layers. Number the

layers from 1 at the free surface to n f or the underlying

halfspace. Place the origin of a cylindrical coordinate sys-

tem (r,~P,z) at the free surface and denote the layer inter-

faces by z1, i = 1,2, . . . ,  n—i. This geometry is depicted in

Figure 2. Let (~~~, ~~~ ~~ ) be the components of the Four ier

transformed displacements in the (r,~~,z) directions in the ith

layer. Then, following Harkri der ( 19 6 4 ) ,  the cyl indr ica l

potentials p
1 , ~~~~~~~~ 

~~ 
are defined by

12
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-
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Figure 2. The geometry and coordinate system for a source at
depth h in a mult ilayered half space .
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____ 
1 

a?i .
= + 

~ra~ 
+ 

~

~ a~ .
~~~(r ~~4~~z)  = 

~ ~~~ 
+ — - ( 12)

~~~. ~~~~~~

~~~(r ~~4~~z)  = + 1 
+ ~~~~~~ i = 1, 2 , . . . ,  n. • 1

We will subsequen t ly be in terested in an equivalent

elastic point source at a depth z = h. Let the source layer

be den oted by a subscript s; that is, z~ < h < z~~ 1. It is

necessary to express the cylindrical potentials (~~~, ~~
, ~~ )

in the source layer in terms of the spherical potentials,

from (4). The equivalence is given by Harkrider and Archambeau

( 1976)  and is as follows :

-ikr ! z - h I
= E I Nm cos m~ ~ ~ m sin m~~ 

e

m 0  0 a

L -ikr J z - hj
= f  

frm 
~~~ mc~ + 

~m 
sin mq~ 

~~~~
.. 

~~~~~~~~ ~m 0  0 B
(13)

= 

(

~~~~~~~~~~~~ 05 m~ + ~~
3)

5j f l  m~~ 
e 

cr
~~~~~

h I Jm (1cl ) 
dk ,

13
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where

= - 

~~ ~~m 

( i ) m_ n
[sgn(h Z)]

m+
~ A~~)(_l)

m
~~P~(~—a)

= - L_. 

~ 
( i ) m_ n

[sgn (h_z)]nI+ 9. 
~~~~~~~~~~~~~~~~~~

(14)

= .~.— ~~~ (i) rn
~~

1 [sgn (h_z)]m~~
.
~

B

~ ( i)  = L 
~ 

( i) m _ n [ sg n ( h . .z ) ] m
~ 9. 

~~~~ (_ l ) m+n P~~(~ _~~) ,
8 £=m

where ~ 1, 2 , 3 in the definitions of ~~, 5~~1) , and

k = w/c , k
1 

= w/y ,

r~ = (c 2
/y

2 _1) ½ , y = ~ or B , ( 15)

c = horizo ntal phase velocity .

The coeff icients  
~m ’ Fm in the expression for are

related to the ~~~~~~~ ~~~i) by:

2k! - = 0

- } 2k ! ~~.(2) 
- ~ ( l)  

- 2~~~2) ( 16)
1 2 2 0

2k ! = ~ (l) + 5(2 )  
+

14
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and , taking = ~~~~ = 0 for m >

2k! = - - 5(1) - ~(1)m ni+1 rn-i m+i rn-i

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ , 2 < m < t .

Since the location of material boundaries depends only

• on z , the dependence on r and ~ will be everywhere the

same as in the source layer. Therefore, separate the poten-

tials in the layers as fol1ows~

~
= 

~~~ 
f  ~~

rn)(~~ Z) 
~~~~~~~~ 

, (17)

m=0 0

i = 1, 2, •. .,  n.

The potentials ~~m), ~ (m) ~ (m) satisfy wave equations

for which the general solutions may be written:

-ikr z - ikr z
= ~(m) e a~ + ~ (m) e

-ikr z .. ikr z
= ~~m) e 8i + ~~rn) e 8~~~ , (18)

= 
m) e~~~~~~~i

’ 
+ ~~mY e~~~~i

In ( 18) and subsequent equations subscripts i, i = 1,2, . . . ,

denote quantities in the ith layer.

15
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Then , define

~2 -kr z.
~(m) = - k2(~_ 1 e a~ i-i ~ (rn)
1 \a j j  1

~(m) = e Bi
Zj~~ ~(rn) , (19)

~(m) = k e 
kr
8

z~~ 1 ~(m)

We will subsequently be interested in the values of the poten-

tial in the half space (i = n). Applying the radiation condi-

tion at infinity, (18) and (19) give

= - 

~~
n

e

_ 
~~~~ ~(m)

~
(m)
(~~~Z) = - —s e 8n ~~m) , (20)

~~~. e 
kr Bn

•
~ ~~m)

where

= z - z~~_ 1  ,

( 2 1)
= 2~,~ /c

2 
.

16
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Now , combining ( 17) and ( 2 0 ) ,  we have :

~ J
?~ 

;+—
) 

~ (m) e an Jm ( k r ) d k
m 0  0 an

= 

~~~~~~~~ 

f  - 

~~

. 

(~~7) 
‘(m) e

hl(
~~ n

Z 

~~~~~~~~~~m 0  0 B (2 2 )

£
- ikr z

- 

~~~~~ 

f  ~~. ~~~ e 8n Jrn (kr)dk
m 0  0

In equations (22) we now have the cylindrical potentials

~n’ ~n’ ~n’ 
in the nth layer (halfspace) in terms of a sum of

integrals of the Sonunerfeld type. The coefficients ~~m) , ~ (m) ,

c1~ depend on azimuth, ~, as well as wave number, k, and in-

clude the modification of the source generated pulse by the

material  discontinuities in the layered halfspace. Following

Harkrider (1964 , Eqs. (62 )  and ( 1 2 2 ) ) ,  these coeff ic ients  are

solutions of the mat-ix equations:

~(m) 
~R 

(0)/c -

~~(m) W
R (0)/c 

+ 

6W

0 Si

~(m) 0 6X

(23)

-- - ~~~~~ 

+ AZ~ 

_
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where the J~ and ~L are given by Equations (61) and (124)

of Harkrider (1964). The matrix AR is defined by Harkrider
Si

and is the layer product matrix which gives the displacement—

stress vector for P - SV motion at the source depth in terms

of the displacement—stress vector at the surface. Similarly,

AL is the transfer matrix for the displacement-stress
Si

vector associated with SH motion.

The source terms in (23) are given by Harkrider and

Archambeau (1976) as follows:

= ~( ~~~~
)C cos m~ + 6 ( ~~~.)  ~~~ m~ ,

= ( ) C  cos rn~ + 6(  
~~~

. 

)

S 

sin m~

6Zm = cos rn~ + 6c~ Sin m~

( 2 4 )
6X m = 6t~ cos m~ + 6T

~~Th 
sin m~

C S

dV m - 6 (~
. 
) 

cos m~ + 6(  
_
~
.)  s in  m~

C S -= 6T
LIfl 

C O S  m~ + ÔT Lm Sifl m~ ,

18
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where

6 ( ~~~~) =  2k 2
f
~~~~~ ik~~~~

J

= 2 k 2 {j E i _  ik re
j

6 (~
.) = 2 k 2  + ik

= 2k 2
f

~~~ + i k

2pc 2 k 2  
{
~~ _ i  

~~ 
- iky

2pc 2k2 
f (

~~~~~i) :~ - iky

d r ~ = 2p c 2 k 2 [_ YA ~ - ik(y-j.)

6t Rm = 2p c 2 k 2  - i k (y - i )  (25)

C ~~(3) o
= i2k~ 

rn ,

J~~ \ S

= i2k2 m
C B rm 8

6t L = - i 2 k ~~ ~ ( 3 )e

= - i2 k~y 5~
3) e

19
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The quantities ra, r8, p , i , y, k
8 
refer to the layer in which

the source occur s, with p and i.i being the density and shear

modulus. The coeff ic ients  Km~ ~m ’ 
etc. are given by (14) with

the following modification. The series are separated into two

parts;

(26)

with the e superscript denoting a series made up of terms

with in + 2. even and the o superscript denoting a similar

series from terms with in + £ odd.

Equations (23 )  may be viewed as a set of simultaneous
‘- (m) ~- (m) ‘.- (m)linear algebraic equations and solved for 
~~ri ~

in terms of known quantities. The result is:

2R (m) = 
{R (J

R +J R )  - R ( J
R +J R )  + JR ~JR J ‘

~m

+ ~R ( J
R +J R )  - R (J

R +JR ) + J
R~~~J

R~~ Z ~

(27)
2
”(rn) 

= R (~R ~~~ ) 
- R (~ R ~~~ ) 

+ ~R ~~~ 
~
,

n 1~~ 3 1  ‘. 1  2 \  3 2  ‘.2 3 3  ‘ . 3  ~~

+ 
{ R  (J

R +J1~~) 
- R (J~~+J

R 
) 

+ Z

= L X  ~

- ~~~~~~~~~~~~~~~~~~~~~~~~ -----5- -
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where

F R = (~~
R _~~R 

)(
~~R ~ R ) - (~~

R ~ R ) (~
R ~R )R \ j~ 2 3  3 2  4 2  \ 1 2  2 2  3 3  4 3

F R = (~~
R ~ R 

)(
~~R ..~~R ) - 

(
~ R ~R ) (,~

R _~ R )R 2 \ 1 3  2 3  3 1  4 1  1 1  2 1  3 3  4 3

FRR ~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~

F R = (~~
R _~~R 

‘
~ (~R ..~R ) - (jR ~ R ) (~

R _~~R )
R ’ .  \ 1 ’ . 2 ’ . / \ 3 1  ‘. 1  1 1  2 1  3 ’ . 4 - ’ .

F (~
R ~R )(~

R .~~R ) - (~~R .~~R )(~
R ~R )R 1 2  2 2  3 1  4 - 1  1 1  2 1  3 2  4 2

L = 
(~

L ~L - ~ L ~ L 
)/(

~~L _~ L 
)1 1 1  2 2  1 2  2 1  1 1  2 1

and

‘
~
‘
m 

= 
(A R ) ÔU - 

(A R ) 6W + 
(A R ) 6Z - 

(A R )
Si 4 2  Si 3 2  Si 22 Si 1 2

z = -(A R ) a u  + (A R ) a w ~ 
- 

(A R ) 6 Z m 
+ (A ~~~) 6 x  ‘

(28)

X = - (A L ) ó V rn + (A L )  6
~ rn

“ (in) “- (m) “ (in)Equations (27) give , , in terms of the

multipole coefficients specifying the source and the Haskell—

Thomson layer matrices. Then (22) together with (12) give

closed form solutions for the displacements in the nth layer

or half space. In the following section we evaluate the inte—

grals in (22) to extract the solutions for the steeply emergent

body waves of primary interest here.

21  
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COMPUTATION OF BODY WAVES

To compute the displacement potentials from (22), it

is necessary to evaluate integ rals of the fo rm

_ikr
),z

‘in = f f
~~

(k , w) e J
~~
(kr) dk , (29)

0

or 6~~~~~m = O ~~~l~~~2 

For in 0 the dilatational potential , 
~~

, was evaluated

at large distances from the source by Fuchs (1966) using saddle

point methods. Hudson ( 1969a ,b)  encountered integrals very

similar to those in ( 2 2 )  when solving for  the body waves due

to a point source of general form in a layered medium. As

mentioned in the previous section , Hudson ’s solution is 
• 

-

analogous to that obtained here, with the difference being in

the specification of the source.

Hudson solved for the far field body waves given by

integrals like (29) by using contour integration in the com-

plex plane and approximating the branch line contribution using

the saddle point method . The details of this integration may

be found in the works of Fuchs and Hudson and will not be repro-

duced here . It will suffice to give the results which are:

—ik R

= jlfl+l f (k ) r ( 3 0 )

where R 2 = r2 + z 2 . The geon~etry is shown in Figure 2. The

saddle point approximation is valid as iong as R - ‘ r; that is ,

22 
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t

as long as the receiver is sufficiently far from the base of

the stack of plane layers. Alternatively, since r/R = sin6 ,

this approximation is valid for steeply emergent body waves.

With the solution (30), we may now write the far field

body wave contribution to the potentials ( 2 2 ) :

= 

~~ 
( t~) 

~m+i r pm)

2. - i k  R
= ~~~~~~~~ 

(

_i_

) 
~~

—. r
8~~~

m) 
~~. , (31)

= ~~~ 
.in+i 

r
8 

~(m)

rn=0

The cyl indrical displacements ~~~ ~~~ ~~~ 
then resul t from

substituting (31) into (12). It is more convenient to deal

with the displacement components in spherical coordinates where

they are identified as the P, SV and SH components of the pro-

pagating wave. In the far field , these components are given

by

= sin O ~.Ji + COSO ~~~~~~~~~ 
‘

- 
_ _ _= cosO~ a ra ~ 

- S in O k2
~ , (32)

a
USH 3r

23
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Then carrying out the indicated differentiations and

retaining only terms of O(R~~ ), the displacements are :

= 

~~~ 
(- k- _ ) i

m
r~ ~(m) 

-i k R

= 

~~~ 
(
~

) ~m-l r8~~~ m) B

9. -ik R

U = in r ~ (m) e 8n
Sf-! B n R

m 0

These are the far field body waves propagating into the under-

lying halfspace at specified horizontal phase velocity C.

Equations (33), together with (27), provide a straightforward

— 
computational algorithm for computing these displacements.

A summary of the computational procedure is given below.

Assume that we have a seismic source specified in

terms of multipole coefficients. We then wish to compute the

P and S waves propagating in to the halfspace at takeoff angle

e , in which case a different horizontal wave speed is re-

quired for the P and S computations. Alternatively, we wish

to compute the displacements propagating at a fixed ~I’~ dse

- 
- 

velocity, c.

Having the multipole coefficients , C and the azimuth

~ , the following steps are carried out for each frequency, ~i .

2 4

--  --  -
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1. Compute the source layer potentials 
~~

~ 
f rom (13 — 16) .

2. Compute the displacement-stress discontinuity

quantities 6U~~, óW~ , etc., from (24 — 25) for

each in.

3. Compute the layer product matrices AR
R L Si

AL , J , J . The latter two matrices are
Si

independent of the source, while the first two

depend only on source depth.

4. Compute the source terms Y
~
, Z~~, X~ from

(29).

5. Compute ~~m), ~~~(n,t )  ~ (m) from (27).

6. Compute the displacement spect ra at a selected

distance R from (33).

Formulation of the solution in terms of Haskell-Thomson

matrices is convenient for various modifications that may be

of interest. For example , Haskell (1953) and Dorman (1962)

show how to modify the layer matrices to account for the

presence of a flu id  layer and this modificat ion can easily

be carried through the algebra leading to (2 3)  and ( 2 7 ) .

25
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COMPUTATION OF THEORETICAL SEIS~1OGRAMS

Our objective is to develop improved method s for com-

puting theoretical seismograms at large (say greater than

1500 km) distances. Equations (33) give the P, SV, SH

waves emanating into a homogeneous halfspace underlying

a stack of plane layers in which a seismic source is em- j
bedded. If this plane layered model is used to represent

the crust in the source vicinity , ( 33 )  represents the

waves propagated into the upper mantle.  The major restriction

on the use of ( 3 3 )  is to situations for  which the saddle

point approximation is valid ; that is , to small angles of

emergence.

To compute theoretical seismograms we need to combine

(33) with other methods for computing the remainder of the

travel path to the receiver. There are a number of computa-

tional schemes tha t could be chosen but we have found it con-

venient to use generalized ray theory (Wiggins and Helnber~~ r,

1974) for the upper mantle and Haskell—Thornson matrices

(Haskeil , 1962) for the crust in the vicinity of the receiver.

Thus we break the travel path into three pieces:

1. The crust  at the source down to a ~~ pth D.

2.  The crust  at the receiver to the ~i3 I ~~~ c . -p t h D.

3. A latera l ly  homogeneous upper mantl e extending

f rom D to depths g rea te r  than  the  deepest  t u r n i n g

point of interest.

26 
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The travel path segments are linked by requiring that

the velocities at D be the same in all three structures.

This scheme gives a great deal of computational flexibility

in that portions of the travel path can be varied without

repeating the entire calculation. The actual implementation

is described in a companion paper (Bache and Archambeau ,

1976) where a number of examples are presented .

Methods similar to those outlined here have been used

by a number of investigators. Most closely related is the

work by Douglas and colleagues ( e .g . ,  Douglas , et al . ,  1972 ,

1974; Cullen and Douglas, 1975) which uses the method of

Hudson (l969a,b) for embedding a seismic source in a plane

layered model of the source crustal structure. Also, these

authors represent the geometric spreading effect of the upper

mantle by a constant which is a function only of epicentral

distance (Carpenter, 1966) rather than the detailed general-

ized ray theory method we prefer. We note that beyond the

triplications the upper mantle effect does essentially re-

duce to a distance dependent constant, though its value de-

pends on the earth model used. Other authors who have used

similar techniques include Kogeus (1968) and Hasegawa (1972 ,

1973) who used Fuchs (1966) formulation for the source crustal

transfer function and Julian and Mderson ’s (i968) geometric

spreading factor.

For simple point sources (center of dilatation , couple

or double—couple) generalized ray theory can be directly ap-

plied to compute theo~~etivai seismograms (e.~~., ~ i : q i r : ~ - m d

- -  

27 
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Helmberger , 1974; Muller , 1971). Another successful theo-

retical seismogram computing technique is the reflectivity

method (Fuchs , 1975; Fuchs and MUller, 1971; Kind and MUller,

1975) though it too is restricted to elementary point source

representations.

The major difference between the method presented in

this paper and the others mentioned above is in the source

representation. Our method is essentially independent of

the complexity of the source as long as the outgoing elastic

wave field can be expanded in spherical harmonics.
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FIGURE CAPTIONS

1. Schematic display of the determination of an -

equivalent elastic representation for an arbitrary

volume source.

2. The geometry and coordinate system for a source at -

dep th h in a multi layered halfspace.  -

34

_ _ _ _ _ _ _



— rr~~- - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
-- - -- -- -- -

IV . The April 29 , 1965 Puget Sound Earthquake

and the Crustal and Upper Mantle Structure

of Western Washington

C. A. Langston and D. E. Blum

- - -5  - 5  - -5 - -  - 5  - - - -~~~~~
—

~~
-- -

~~~~~



-~ ----- - ---5- - - - - - - - -- --~~~ - -- - ---

TV- i

The April 29, 1965 , Puget Sound Earthquake and the Crustal

and Upper Mantle Structure of Western Washington

by

Charles A. Langston and David E. Blum

Seismological. Laboratory , California Institute of Technology

Pasadena, Cal i for nia 91 125

Co n t r i h u t i o r ~ No . 2 822 • D i v i s i o n  of  ; - o 1 ~~~~i - , m 1  n~~l I I  n - t m r v  S ~. f l ( (~~- .

~~~ i f n r n i . - m ~n -~t i t m i t ~’ ~ f Tt- -hnoio gv , l’ a s i d * n m , I i  f o r n i a  ~ i I 2~~.

- - - -5— - ----

~

_ - - - -  - - - --



----5-

IV -- i i

Abst rac t

Simultaneous modelling of source parameters and local layered earth

structure for time April 29, 1965 , Puget Sound earthquake was done using both

ray and layer matrix formulations for point dislocations imbedded in

layered med ia. The source parameters obtained are: dip 70° to the tac t ,

-~trik e 14!4 ° , rak e — 7 5 ° , 63 kin dep th , average moment of 1.4 ~ 0.6 x io
26 

dyne—cm ,

and a triangular time function with a rise time of 0.5 sec and fal l— o ff

of 2.5 sec. An upper mantle and crustal model for southern Puget

Sound was determined from inferred reflections from interfaces above the

source . The main features of the model include a distinct 15 km thick low

velocity zone with a 2.5 km/sec P wave velocity contrast lower boundary

situated at approximately 56 km depth. Ray calculations which allow for

sources in dipp ing structure indicate that the inferred hi gh contrast value

can trade off significantl y with interface dip provided the structure di ps

eastward . The crustal model is less than 15 km t h i c k  w i t h  a substant ial

scdimt-nt sec t ion  near the s u r f a c e .  A s tacking t e ch n i q u e  u s i n g  the

instantaneous amp litude of the analytic signal is developed i e r  m t  ~m~ - t i n g

short period tdl.eseismic observations . The inferred reflection l i o n  t h e  h ise

of t h e  low velocity zone is recovered from shor t  per iod  P and S ~ mv - ~- . An

dP l ) ar en t  attenuation is also observed for pP from comparisons between t I ~.

shor t  and long period da t a  se ts .  This c o r r e l a t e s  w i t h  he oca 1 c m i i  I c e

ci rue t ure of Puge t Sound and yields an effect i ye Q of appr~ - hum ’ lv h

r t h e  - nis t and upper mant  1 e

- - - -5-- - - - - - -- v
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Introduction

A previous r m n t -r dealt with the problem u f try ing to deduce

source parameters from an extremely shallow earthquake . the Kovu~ event of

D ecember , 19f 7 (L an g s t o n , l .976a) . The interference of the dir t- ct waves  and surface

r i - f l e c t i o n s  was very severe due to time depth  of t he  K c m v n . i  hypocenter. ~bme s p e c u l a t i o n s

were made to the origin of some of the reve rberations after  the

reflections but these were hampered by both ignorance of the Koyna

crustal structure and the interference with the major phases. If ,

however, an earthquake is deep enough so that the surface reflections

and the direct wave are well separated , perhaps layer interfaces

between the hypocenter and free surface can be resolved by intermediate

reflected arrivals. It is exactly this supposition which will be

used to explain the shape of long period P waves from ~he Ptiget Sound

earth quake . A crus t model for southern Puge t Sound wi f i. he

by identifying arrivals between P and pP as underside rei1ecti~ ns from

ci~ustal layers . A major compressional and shear wave low velocity

zone (LVZ) in the uppermost m a n t l e  w i l l  be proposed by m o d e l l i n g  the

time , amp litude , and polarity of these reflected arrivals.

—5 — - -  — -- -5 - - - - -—- - ---- - - 5  — 5 - - - -5- -- -5 _ __.~~~-~~~~~~ -i~
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Simultaneousl y , clr c w i l l  be t a k e n  to model t he  source paramete rs  as w e l l .

ilogic and T & - c t o m m i c  S e t t i u ~

Puget Sound i s  l o - : m t e d  in northwestern W a s h i n g t o n  and is pa r t  of a

ma j or n o r  t im — comm t im ~oo I op ic intl phys iograph ic province , the Puge t —W i I I ame t ti

depression (Fi gure 1) ( Snavely  and Wagne r , 1963) .  Time geologic deve lopmen t

o f  Lhi ~ area has  been con t r o l l e d  by T e r t i a r y  s e d i m e n t a t i o n  and v o l c a n i s m

in m nor tim— sout li t r e n d i n g  eugeosyncl ine  shown in Figure 1 (Snave lv  and

- s i y n er , 19h3 ; Sn :ivel v et a l .  , 1968)  . Time Puget—W ili amette depress  ion  may

be I : i m i l t  coo t  rolled with major f a u l t s  o cc ur r i n g  on the ea s t e r n  marg in  o f

Pmi ~~ - t  Sound and t h e  w i- s te rn  side of t he  W i l l a n m e t t e  V a lle (Algermisseim and

Harding, I 9 o S ;  Bromery  and Snavelv , 1 9 6 4 ) .

Ot ~s i s mic  r e f r a c t i o n  p r o f i l e s  which  have been made on laud , pe rhaps  t ime

-~~ si s i g n i f i m  ant is the one by Berg et a l .  ( 1 9 6 6 ) .  They o b t a i n  a ve ry  t h i n

(16 km) crust and a Pn v e l o c i t y  of 8.0 km/se c  for  the  Coas t Ranges of Oregon

uri c l southern Washington. la t al and love (195S) win - d i d  some of t h e  • ir -~t d u d  m l

r i -fr - m t  ion stud its  in the Pac if i c northwest reached m simi lar cone I m~ ion

I or the sou t h er n  P u g m - t  Sound n r t - , m o b t a i n i n g  a t-rus al t imi ~-k imt-s ~ o f  i h o u t  1 )  km

and Pu vii oc i t y  of 8.0 km/st e . Because of the consp icuous lack o f  p r t -  — T o r t  iar~-

cr m n i t  ic basement within the margins of the Tert i - m i  v e m m m m - o s v u m c line (Ft pure 11

and from t I m -  v~- I m n -  i t  v and tIi h- kiim ~~ v -min es o b t a i n e d  i n  m i s  re fi - m t  i o n

p r o t  i i i -  some - imi th o r s h aV e  c m i g g e s t -d th a t the are-i is 1 I m r ~’. m m t m ~~v m u m - m y  o t

o s -  iii j -  • r u c t  ii i  the North Ame ri i i i  - t i nt  i m ’n t  ( li - m im i i t  m m  n id  M v t  i s , ~~~~~

i )jc k I ns m n . I 97() 

-5~~~~--- - - ~~~~ - - _ - - - I
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II r o ugh dc t a i i od gray i t v and magnet ic m odelling I)aues , et al . (196 b ) d ed ticed

some of time ma jor s t r u - t u r e s  ci southern Puget Sound . l b - j r p r incipa l

r e s u l t s  include the discove ry of a large northwest trending igneous

horst structure with f l a n k i n g  deep sedimenLary bas ins .  They

i n f e r  sediment thicknesses of 4 km and 10 km for the southern Tacoma

basin and nor thern  Seat t le  basin , respt :tivel y .  The large observed - Á
g r a v i t y  g r a d i e n t s  suggest maj or f au l t s  bounding this h or s t  w i t h

i n fer r e d  throws on the order of several k i lometers . It  may be

significant that the April 1965 event occurred under the eastern

ed ge of this structure . Dane~ (1969) has also suggested that Puget

Sound is a great isostatic depression with an isostatic anomaly

greater than —100 mgal.

The t h e o r y  of p late tectonics forms the  basis fo r  cu r ren t  t h i n k i n g

on the t e c t o n i c  f ramework of the P a c i f i c  N o r t h w e s t .  I n t e r p re t a t i o n

of the magnetic anomalies of Raff and Mason (1961) by Vine and WLlson

(1965),  Wilson  (1965),  and Vine ( 1966) and o the r  subsequent  work b y

lob in and sykes (L96 8) , Atwater (1970) , Di ck inson (1970)  , Silver

(1971a , 197 1b , 1 9 7 2 ) ,  Crosson (1972) ,  and Chandra ( 1 9 7 4 ) ,  among others ,

have led t m a hyp mm t lut - s is ro Lit  ing  t lie gcop h m ys i cal ;in l ceo lug i c dat .i

into one p late t e c t o n i c  scheme . The mod e l - I - i t t -S t i m - m t ~m ihm l mi- lion of

- - 5  -~~~~~— — -  - --—*--—~~~~~~~~~~~~~~ --
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oceanic crust and upper mantle is taking p lace north of Cape

Mendocino to Vancouver Island. A small offshore ridge system , the

Gorda—Juart de Fuca rise , is still producing oceanic lithosphere

which is the remnant of the previously more extensive Farallon plate

(Atwater , 1970). Spreading at a half—rate of about 2.5 cm/year,

this small plate may still be underthrusting the continent as the

association of andesitic vulcanism in the Cascades seems to require

(Dickenson , 1970) and as inferred from offshore geologic evidence

(Silver, 197l~t , l972). Agains t the normal assump tions of p late

tectonics , this small p late does not appear to be ri gid , b u t  seems to

be experiencing internal deformation (Silver ,197lb ; Crosson , 1972).

Perhaps the most serious problem with this scheme is the

conspicuous absence of a seismic Benioff zone. The general seismicity

level of the area is low other than at the offshore  f rac ture  zone-s

(Tobin and Sykes , 1968; Ch andra , 1974). Puget Sound has a mode m te

back ground of d i f fuse  seismicity , however , and a few event.s have

occur red at depths of up to 70 km (Crosson , 1972). The magnitude

6.5 Puget Sound earth quake of Apr i l  1965 was located .it 60 i~n dep th ,

see Figure 1 (Algermissen and Harding, 1965), and t~~o Sti nt yb . :1

larger Ap ril 1949 even t , at 70 km (Nuttli , l 05~~) .  -\ithou g li i ’n -e

events are no t extremely deep for other isl and and ccitt i n - r u t  al amen ,

they are very unusual compared t o all other continent al U.

earth quakes. Because of this , they have been cited as evidence for

- 5—- ———  — -5- —5- - — -
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a remnant of a subduc t ing p la te , or perhaps , a very slowl y subducting

plate under Washington (Isacks and Molnar, 1971; Crosson , 1972).

Othe r geophysical evidence supporting this plate model comes from

travel time anomalies determined from P residuals for the 1965 event

(McKenzie and Julian, 1971) and from an array processing study using

teleseismic P arrivals at Puget Sound (Un , 1974). Both of these

s tudies  reach the similar conclusion that a high wave velocity plate

dips to the eas t with an ang le of about 50 degrees.

The unusual depth of the April 1965 event and the interes ting

geologic and geophysical prob lems this area presents motivates the

detailed waveform study that this paper reports. The original

purpose of this study was to find a detailed source model for the

earthquake , but as it turned out , much more interesting information

could be found by modelling the local source structure as well.

The Puget Sound Earthquake

On April 29, 1965 , at 15:28:44 GMT i~ magnitude 6.5 ear th quake

shook the environs of southern Puget Sound causing mode rate damage

in Seattle and Tacoma~ Tiit’ b - i t  iou of the

ep icen ter was midway between these two cities and the h ypoc t ’n tr al

depth estimated to be at 60 km (Aigcrmnissen and Harding, I~~Ith) •

Consistent focal  mechanisms fo r  the event done by several authors

show predominan t l y normal di p — s l i p movem ent on a 700 eastward

di pp ing p la ne striking approximatel y 15 0 wes t of nor t h

5 - - 5 -  -5 ~
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(Al germissen and Hard I ng, 1965; Isacks and Molnar , 1971; Chandra ,

1974). The auxiliary plane is only poorly constrained because of

sparse local station coverage, a common occurrence for this type of

orientation. Because of excellent teleseismic coverage , however ,

the first nodal platie is extremely well determined and serves as a

very useful constraint in the waveform modelling .

Data and Data Processing

The ga the r ing  and processing of long period P and SH waveform s

were done as described in Langston (1976a) . Table 1

lists the WWSSN stations utilized for this study. Unfortunately ,

there was only one station in which the horizontal components were

naturally rotated with respect to the ray direction. As a result ,

only a few Sil waveforms could be salvaged for waveshape analysis

and even these may be contaminated by the rotation process.

Most of the stations In Table 1 were equipped with the longer

period 30—100 instrument instead of the 15—100 instrument used In

the Koyna study. A few stationim , ANT , QUI , SJC , and -~-~C had j st

been changed to the standard 15—100 instrument , howe~’t-r , n o  t h e n ; -  

-- - -5- --
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were equalized to be consistent with the rest of the data set. An

opera tor was constructed and convolved with these data to effectively

make them 30—100 observations . The 30—100 instrument response was

calculated using Hag iwara ’s (1958) formulation.

Data Inversion and Interpretation

As a starting point , it would be most convenient to present the

final inferred earth and source models and P waveform fits. The

complex interactions of the earth and source models will then be

examined point by point and the reasoning behind each effect presented

in a coherent manner.

Figure 2 displays the results of trial and error waveform

modelling to find a source and earth model most consistent with the

long period data. A standard first motion plot (bottom hemisphere)

is given in the center of the diagram with the P nodal planes

inferred from this study. In this determination , pP as well as P

first motions were incorporated. Lines are drawn from each observed—

synthetic waveform pair to the appropriate spot on the focal sphere

which represents the downgoing P ray at that station . For each

seismogram pair the observed Is plotted above the ov ui th etic . The

source o r i e n t a t i o n  parameters are given in the  cornet  of F i gure .~

In this model the source is assume d to  be a si m n e b e  p o i n t  d isl oi it ion

5- - - - ~~~~~~~~~~~~~ -
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with a triangular time function characterized by a rise and fall—off time

and St
2 equal to 0.5 and 2.5 sec , respectively. The final p lane—

layered earth model is presented in Figure 3 and is under the heading of

‘P S — 9 ’  in Table 2.  The source is situated at a depth of 63 km for this model .

Both ray theory (Langston and Helunberger , 1975) and pr opaga tor mat r ix

techniques (Haskell, 1953; Harkrider , 1964; Fuchs , 1966) were used t~~ calculate

synthetic seismograms for a point dislocation in a layered elastic medium .

Both methods are equivalent and complementary for various model calculations .

Ray t h e o r y  has the  advantage of g i v i n g  a d i rec t  p hy sical i n te r p r e t a t i o n  to

observe d phases. Matrix techni ques , while exact in terms of including all multi p les .

gives little insight into the model but does serve as a check to the r i v  c a l c u l a t i o n ., .

It can also he used as a tool for calculating the effect of gr.tdien ts in the earth

model by approximating them w i t h  many th in  layers .

Two striking features are apparent in Figures 2 and 3. The

first is the qu~ility of the waveform fits over the entire azimuth

range . The observed waveforms have a tremendous variaticn in sh ape

as a function of azimuth and take—off angle which the model appr exi r-stes

quite  nicely fo r  nearly all stat ions. Secondly ,  the ear th  model

presented in Figure ~ is qui te  unus ual. The major fea tures  of PS — 9

include a very d i s t inc t  and large l ow—velocity zone between 41 and

56 km depth. This s t r u c t u r e  is sandwiched between what appears to be

mantle velocity material. The crustal section at the  top  is very t h i n ,

less than 15 km , and has very low velocity mat erial;. ncir t he f r ee

surface. This model was Inferred entirel y from the long period P waveS

and will be discussed by closely examining which charn teri - ;t ice of

the P waves coot rol. i t var i ~m i n  dt ’t - m i

- -5 - - -
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Let us first look at what effects a simp le earth model , a layer

over a ha l f space , gives for the long period P response. Figure 4

compares the simple one layer model (Table 2 ) with PS-9 for

representative P waveforms . The major phases P, pP, and si’ are

q ui ckly apparent in these wavef orm comparisons although there are

significant differences in the interval between the direct P wave

and pP. The small arrival several seconds before pP in the one layer

model is the P reflection from the bottom of the layer except at GUA

where it is an —P conversion at reflection . The first 18 sec of the

P—wave for the simple model is just the convolution of the source time

function with the Q opera tor  and the !nstrument

response since there are no distortions due to near source structure .

For COP and stations like it in the northeast (see Fi gure 2)

the first 18 sec of the observed P wave show at least two arriva ls

after the dilatational direct P. First there is an equal sized

compression , arrival A (Figure 4) approximately two seconds after

P with another dilatational arrival , arrival B, 2 seconds after

that. Examination of the one layer model of COP demonstrates t b- m t

the overswing of the instrument response is not a factor here. At Flu

the direct wave and arrival A have the same sign and add construct ivel y

because of the change in the P radiation pattern. This shows up as an

Increase in the P amp l i t u d e, r e l a t i v e  t o  pP, a t  PTO and n~ o t he r  stm~ icr

stations. Arrival B is plainly the same polarity as at COP . 1h ~~

interpretation of these arrivals is b used on t he assuump t ion th at

the y represent  unders ide  r e f l e c t i o n s  f r o m  d i  s n o u t  i m u  i t  i c—n above the

source and not from source comp J .- u t i m n t n i . Tt is en tir el y r,-aso n aile

to assume tha t there arc m i l e !  ! js nnin  i tu m it ics hi t wm -cni a 60 km deep

-— ~~~~~~~~~~~~~
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source and the free surface ,but i t  is obviously extremely hard to

prov e, unequivocally, that small arrivals are from such reflections

and not source effects. The seismograms of Figure 2 suggest that

these arrivals are associated with pP rather than the direct P wave

by the observation that when direct P changes polarity the A and B

arrivals remain constant.

Assuming that these arrivals came from reflectors above the

source , what can be said about their properties ? Since the strength

of up—going P determines the amplitude of the reflection as well as

the material contrasts , an approxima te de termina tion of the veloc ity

contrast can immediately be made . At the northeastern P nodal

stations upgoing SV radiation is at minimum because of fault

orientation so that only P interactions can be considered. A

cursory examination of the waveforms gives a mintimum un litude

estimate for  ref lect ion A of about 0.15. This is clear ly  an u n d e r --

estimate since interference with the direct wave knocks it down

considerab ly. There mus t be interference since the width of the

first swing changes as a function of P amp li tude and azimuth. Compare

STU and TOl , F igure 2 , for  examp le. The type of n lmt rest calm

i m m e d i a t e ly be deduced because of the known p o l a r i t y  f ~~} ‘ . Sin e

upgoing P is dilatati on -il and the reflection i- n comp~~-ssional , the

reflection coefficien t must be negative , which impli es a higher

to lower velocity contrast. Simul .urneous ly mo de l lin g the t inc fund ion ,

relative L iming , and rd i t  i ye amp i i ud~ s of di rert I’ and phase A for

- ~~~~~ — .5- - 5- - . — — _ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the northeastern and southeastern stations yields the high contrast

of 8.0 to 5.5 km/sec for the lowermost boundary of PS—9 , Figure 3.

Con tin uing this line of reasoning one step f ur ther to phase B

gives some remarkable results . Using the same process for finding the

sign of the reflection coefficient, the polarity of B suggests

that i t  comes f rom a lower to higher velocity contrast. Phase B,

therefore , delimi ts the top of a low velocity zone. Figure 5

demonstrates this explicitly for the station KEV. Ray number one is

normalized to unity and al-i--other ray amplitudes referenced to it.

The top of the LVZ was modelled wit inter aces in order to

increase the width of the reflected pulse. This particular model

exp lains the az imuthal var ia t ion of wave shapes for  the f irs t eigh teen

seconds re mark abl y well (Figure 2).

The uncertainty in orientation (see Figure 2) is not m u major

factor in the modelling. The r first motion data constrain the

no r th—sou th  nodal p lan e to w i t h i n  a degree.  Since all of the  s t a t i o n s

are near the c en t e r  of the  p lot and most are close to the nodal

plane,relative ly large variations in the rake (—90 ± 2 0 0 )  do l i t t l e

to a f f e c t the rel at ive amp litudes of P and pP. Upgo i ng SV i n  more

sensitive so there is some basis for assigning t h e  p a r t i c u l a r  v . m l m -

used , a l t h o u g h it is a small effect n m !  will he discussed I ~~t er.

The v e l o c i t y  assi gned to  the  source  layer 1;, v m i u e  t y p i ca l l y f o m u i m - I

f o r  these dep ths  in upper  m u n m ~ ft t udLcn-n . V a r i a t i o n s  in t h i s  v e l o c i t y ,

of up to  0. 5 km/se’- , d- ni ’ t s m s y m ~ Ii ;- m v u t l v  -uf fec t t l i c  r e s u l t s  S i n ce

~1
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we are looking at relative amp l i tudes and velocity con t raa t s  onl y .

This does point out that the absolute values of velocity for any

part of the inferred model are somewhat ambiguous.

The phase pP and sP control and constrain the top of model PS-9.

For the source function inferred from the direct P wave , it is

evident that pP in a simple one—layer model (Figure 4) starts too

sharply .  The small arrival before p P suggests tha t  a n umber of smal l

ref lections in the upper crus t could give the des ired e f f e c t of

producing a smooth ramp before the main pP peak. Further evidence

for this type of model occurs in the western stations HNR, GUA , and

ANP . The predicted sP phase for the one layer model is much too

large and is not affected by small changes in the radiation pattern .

The easiest way to cut down this amplitude is to lower the reflection

coefficient by using low velocities near the top of the model. This

imp lies many contrasts also , since there must be some k ind  of

transition from mantle to sediment velocities . This is the basic for

modelling the upper crust in model PS—9. It is interesting to note

that  the c rus ta l  section had to be kept thinsince thicker crus~al models

caused spurious arrivals from the Moho before the arrival t ime

of pP. The absolute velocities for  the  top a r k -  n i m n t  t -~m~~~c l - : c n s t  r a i n e d .

These values were de te rmined  by us ing  the  local  ref r L c t  I ‘ m m r e s u l t s

of Berg et  al. (1966) and Tatel and Tuve ( 1955) .  The

.--—-a
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lowest velocit ies are appropriate for  Tert iary elastic rocks as

reported in Press ( 1966) . The mantle velocity above the LVZ of 7.8

km/sec was based on the data of Dehlinger et al. (1965) and McCollum

and Crosson (1975).

The S wave velocity is one of the least constrained parameters

in the model. The average S t ime is only constrained b y sP , a

phase which is distorted and reduced in size by the model. However ,

there is some evidence that large S wave contrasts exist in the

LVZ. At the western azimuth stations S—P reflections were needed

to reduce the backswing of the direct P (see GUA , Figure 4,for a

comparison) and theoretical arrivals after sP were only obtained

after increasing the shear velocity contrast at the boundaries of

the LVZ. These arrivals are shown as ‘C ’ and ‘D’ in Figure 4 and

are crustal multi p les with substantial S to P conversion m . Figure 2

shows that these multip les can hel p explain the arrivals after si

at these stations.

These mul t i p les b ring up in te res t ing  questions concerning the

arrivals a f t e r  p P at the northeastern and eastern stations . PS—9

p redicts  a few cr u i s t a l  mul t i p les a f t e r  pP but  nothin 1 l ike  those

in some of the observations. Figure 6 shows t i m e  1055 peri od P

wave from the s t a t i o n  KF.V with a synthetic pro~ m n -cd [mc i i i  the t ’~~— ’)

model  above and one made f rom a p r e l i r n i u m a r ’ -  mo.h - 1 , PS — i  (Table 2 ) ,

below . The PS—I model did not pr e d ic t the I / i m m t m r t m -r en c e  e f f e c t s

very well nor the shap e of 1 i’ for most observat i ann . S e c ;u u m ; i -  of the

- - h~~~~~~~
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low shear velocities and hig her cont rasts this model has,compared

to PS—9 , crustal reverberations after pP are quite pronounced and

fit the observations quite nicely for this azimuth. However,

since it did not f i t  the f ron t  par t  of the record very well , in

general , it was not used. This exercise demonstrates that the

ar rivals a f te r  pP cuuld conceivab ly be explained by large velocity

contrasts although lateral inhoniogeneity would probab ly be needed

to mat ch them. These crustal and mantle reverberations samp le

larger portions of the model and at distances further away from the

epicenter as relative arrival times increase. Lateral changes over

a scale length of 50 km , not inconceivable for the region, coup led

wi th  the substant ia l  depth of the source could be responsible for

such e f f e c t s .  It mus t be men t ioned  that  an added ambi g u i t y  i n h e r e n t

in this mode l l ing  is the lack of receiver characteristics. For t he

same reasons c i t e d  in the Koyna s tudy (Lar .gston , i 9 7 - ~ m m -  c o m  c - c m

responses were evaluated. Presumab ly, the effect for the vertical

P wave is s m a l l  bu t  could be on the  same order as the small ar r iv ai s

behind pP. As such , these unknowns have to be considere d a source

of error  in the s t u d y .

The evidence for constrai n ing  the rake ming le if the m m oc t mc - c m tm ii

nodal plane comes from the relativ amplitud e ci !n~ - r& - f l ’ ct i - i  from

the bottom of the LVZ. The observat ions  of Figurc~ 3.2 suggest that

the re f l ec t ion  is more pronounced f o r  the n ’rt ’ mei n stations

- - - -..- - 
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(KEy , NUR , e t c .)  compared to the southern s ta t ions  (QIJI , NNA , LPB ,

A N T ) .  Rather than invoke extreme lateral heterogeneity for this

i n t e r f a c e , a simp le exp lanation can be made for  the e f f e c t using

f a u l t  o r i e n t a t i o n . If the f a u l t  was pure di p—sli p (A = — 90°) the

northern and southern stations should be identical since the radiation

pattern would be symmetric about a line perpendicular to the fault

p lane . Vary ing  the rake ang le strongly affects only the upgoing SV

r a d i a t i o n  s ince  It  is near a node for  eastern az imuths  and th is  type

of o r i e n t a t i o n .  I t  was found  tha t  the  in te r fe rence  of S—P conversions

w i t h  the  P r e f l e c t i o n s  decreased the amp litude of the LVZ phases

where upgo i ng SV was comparatively large . Using this e f f e c t  the  rake

ang le was deduced to be approximately ~~~7 50  rather than pure dip—slip.

Because the e x t r e m e l Y  high veloci ty  cont ras t s  found f o r  the  l~VZ ‘f

PS — 9 , i t  mi g ht  prove i n t e r e s t i n g  to pe r fo rm a parameter  s tudy  wh~~Jm is - lud e s

one more leve l of s t r u c t u r e  complicat ion by includ ing l ay e r  d i p .  ~ i g u r e  7

is the resul t  of such a ca l cu la t ion . The bo t tom i n t e r f a c e s  of 1’S-9 w h i c h

inc lude  the LVZ ~~re simpl y t i l t e d  towards the  cast preserving a l l  l ay e r

th icknesses  and v e l o c i t i e s .  A ray t heo re t i ca l  app r oach  was USe d to c a l c u l a te

the  response f o r  th i s  th ree  d imensional  ‘nodel ~nd is ‘nm -r  ih , ~~I ~ l - ~e~~h m ’ r c

( Langs to n , 1976c) . S ince a l l  i n ter ! :  es i t  pa n u l l e l  . t i - it

method , in this case , simp ly Consists of a s s i c n i n ~n - i t  I r m v  in amp i  i t u d e

co r r e spond ing  to a new i n c i d e n t  ;in~ le un~! -u z i - ~m t t  h :1 s -~ ‘ii r c and

t r-i~- lug it throug h the p l ane  p a r a l l e l  model  w i t h  :1 1 ocal’ ray p.i r :umct er

- ! -tt ’ r r ’ m j n. ’d by t I f l -  ~ i :1 l en  iii”n n m t h  and m H- ; t i m m -,- and it m l :  t i m - d i p .

— - - .
. 
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An eastward d i pp ing  model  is shown because of the  sugges t ions  made

by M cKenzie  and Ju l i an  (197 1) and Lin (1974) f o r  an eas tward d i p p i n g  s lab .

Fi gure 7 shows the f i r s t  18 seconds of e igh t  r e p r e s e n t a t i v e  P waves

of  Fi gure 2.  The e f f e c t  of layer dip mani f e s t s  i t s e l f  p r i m a r i l y  in those

very  s t a t i o n s  which  were impor tan t  in resolving the LVZ , e. g . ,  KEy , 1ST ,

COP , and N N A .  S t a t i o n s  in which d i rect  P is predominant , such as ATL

and ~ UA , show little change with increasing dip. The main effect of

l aye r  d ip  f o r  a l l  eastern az imuths  is to have up—go ing rays s t a r t  f rom

the  f o c a l  I p i m e r e  in  a more e a s t e r ly  d i r ec t ion .  D i f f e r e n c e s  be tween the

f o c a l  arc s  a z i m u t h  and s t at ion  a z i m u t h  can be up to 3O~

This  change in the  r e l a t i v e  a m p l i t u d e  between down — and u p — g o i n g  rays

d ue to t h e  m o d i f i e d  rad i at ion  p a t t e r n  coup led  w i t h  changt -- ~ in the  t e l  I c c m  ion c o e f f  i d e

for  t h i s  p a r t i c u l a r  source and s t r u c t u r e  model produces  the  e f f e c t  of a

d i r e c t  t r a d e o f f  between layer dip ( to the  eas t )  and LVZ i n t e r f a c e  contrasts.

A l t h o u g h  t h e r e  is no way of knowing f rom these d a t . m  w h e t her  p l a n a r  d i p p i n g

structure exists at Puget  Sound i t  is very ev ident  t h a t  i t  cou ld  iv t  a

very  i m p o r t a n t  e f f e ct  on the  p a r t i c ul a r  v e l o c i t y  c - m m t r : l e t n - m  i : m f t - r r t -J f m c r m

t he  h o r i z o n t a l l y  l ayered  mode l .  A 50% r e d u c t i o n  c o u l d  e a s i ly  be p o s s i t l e ,

say fo r  the S = 20° case , but the general characteristi ts of the LVZ

must still be inc f uded in the earth model. 

5-- ~~~~~~~ -- - - --_ - -5- -~~~~~~~~ 
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1V — 17 .  :4
Model l ing  the  ro ta ted  SH waves revealed little about the source

or s t r uc tu r e . Figure ~ shows the six observed SH waves w it h

cor responding  s y n t h e t i c  seismogram s computed by ray techni ques using

the PS—9 model .  Basical ly ,  the observed SH waves are very  s imp le

showing onl y the  d i rec t  S. Mos t of the “glichiness ” of these waves

is clue to digital. noise in the rotation process. Since upgoing S

is relative ly snail for these stations none of the major discontinuities

of PS—9 are directly observable except for the free surface. The

phase sS is not readily apparent  in the  observa t ions  a l t ho u g h i t  is

t h e o r e t i c a l ly  smal l .  Several possibi l i t ies  can be presented. Fi r s t ,

tIm ~- S — v e l o c i t y  structure of PS—9 may he comp l e t e l y  w ru r i 5 so t h a t  sS

t ime  is si g n i f i c a n t ly d i f f e r e n t .  Howeve r , e x a m i n a t i o n  of the

SH observations yields no consistent arrival at any other time .

A second possibility is that local receiver crustal effects such as

S—coup led PL waves may contaminate  the t a n g e n t i a l  component .  S—waves

are notor ious  fo r  t h i s  and the pos i t ion  of sS r e lat i v e  to S makes

th is  p o s s i b i l i t y  very probable (He linberger and Engen , l 9 i - ~) .  A

third and very likely possibility is t~~at the earth model near the

source is deficient. It could be tha t  anelast ic  attenuation p iays

an important role . Some short period results wiU be presented below

w h i c h  suppor t  t h i s  specu la t ion .

Scal ing the synthetic direct P and SU waves to t l i m - 1on~ per iod

data yields a moment d e t e rm i n a t i o n  f o r  the Pug .-t ~ouud t-vent. A

va lue  of 1.3 . 0.6 x 10
26 

dyne—cm is obtai ned f c~~~1 P waves ( n - c t

Figure 3 . 2 ) .  The u n c e r t a i n t y  g iven Is the standard error. The six

SU waves , Figure 5 , y i e l d  an •ive~ra5c value f 1 .7 0.6 x io
26 

dyne— cm,
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s l igh t l y hig her than the  P waves bu t  well  w i t h i n  the  u n c e r t a i n t i e s  of

the  g e o m e t r i c a l  sp read ing  cor rec t ion  and a s sumpt ions  on at t e n u a t i o n .  The

average moment i nc lud ing  both P and S waves , is 1. 4 • OJ x 1026 d y n e — c m .

The scatter in amplitudes , yet not in waveshape , can be cons iderab le  even

for  nearby s t a t i ons .  For example , compare 1ST and ATU , F igure  2.

An attempt was made to utilize the many short period observations

f rom th i s  event to  determine timing and a m p l i t u d e  i n f o rm a t i o n  to he lp

pin down the  i n f e r r e d  s t r u c t u r a l  d i s c o n t i n u i t ie s .  A l t h o u g h  the  a t t e m p t

even tua l ly  f e l l  short of i ts  or iginal  goals some i n te r e s t i n g  e f f e c t s  between

the d i rec t  and r e f l ec t ed  phases were observed . .

~~~~~~~~~~~~~~~~ 

. 

-~~~~~~~~~~ -~~~~~~~~~~~~~~
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An easy way to change a short period record in to a form

suitable for  stacking is to compute an envelope of the signa l. Once

the envelope is found for several records a suitable amp li tude

normali zation Is performed and the traces averaged with all seIsmo-

grams lined up with respect to their first arrivals. A convenient way

to compute the type of envelope needed here is to take the

Instantaneous amplitude of the analytic signal (Farnbach, 1975).

The analytic signal is defined by (Bracewell , 1965)

~ (t )  = f(t) — iFHj(t)

( I )
= I S ( t ) l  e1~~

t)

where ,

f(t) = observed time series

~(t) = analytic signal

FHj ( t )  = Hu bert transform of f(t)

c t ( t )  = time varying phase

= instantaneous amp l i tude .

The f i l be r t  Trans fo rm in equation ( 1)  can simp ly be thoug ht  of as

a convolution of — 1/ u t with f(t). Figure ~ shows an examp tm e of

taking the Instantaneous amplit ude , ~~(t)j, of a short period vertical

P wave recorded at AFI . This method p reserves the  times and re la t ive

amplitudes of the arrivals and even make-: tii &- record ~i little easier

—- — -5- — -
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to visually interp ret.  By no means does it purport  to add any

information ; it simply makes the sesimograms easier to work with .

The normalization was done by setting the area of the f i rs t  10 seconds

of the envelope to unity . This tended to boost the relative amplitude

of sharp arrivals to that of emergent arrivals.

Figure 10 - shows the results obtained from a stacking experiment.

The traces labelled ‘P’ are stacked enve lopes of short period vertical

P waves grouped as a function of range. The range interval is

indicated under each group name and the number in parentheses

represents the number- of seismograms used per group . Table 1

indicates the particular stations used in this grouping. The P wave

stacked traces show several interesting effects. In the first 10 sec

two prominent arrivals are usually evident and are designated P and

p P  in the diag ram. The f i rst arrival is interpreted to be the

direct P wave with p P being the reflection from the bot tom of the

LVZ. The timing agrees with the long period result. This is not

too useful  except to show that the reflection has approximately the

same frequency content as the direct wave. This imp lies that the

contras t at this boundary mus t be sharp , probably less than 2 km in

t ransit ion . The most striking e f f e c t  these traces demons t ra t e , however ,

is the very consp icuous absence of p P , especial ly at the smaller

epicentral distances. A simple glance at the long period waveforms

in Figure 2 reveals that , except for the western stations , pP
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is at least as big  as d i r e c t  P and usually t wo er th ree t imes

bigger. The re la t ive  amp l i t u d e  of pP in groups a , b , and c of

Fi gure 10 is at leas t h a l f  tha t  of d i rec t  P. Not u n t i l  s t a t i o n s

with ranges greater than 75° arc considered does pP n i t  art b e t o i ~ i ig

apparent . This e f f e c t  can be i n f e r r e d  to come f r o m  e a r t h  s t r u c t u re

by using the information gleaned from p P. Because t h e  frequency

content  of upgoin g  rays is s i m i l a r  to t ha t  of the dowogoing r a ys

a source e f f e c t , such as d i rec t i v i t y , can automaticall y be e l i m i n a t e d .

All reflections should be apparent unless  s t r u c t u r e  or attenuation

effects cancel the arrivals .

An exp l ana t ion  f o r  t h i s  observa t ion  can be found in ti lt geolog ic

and st ruc tu ra l  framework of Puget  Sound .  Fi gure  1 1  is a n a p  of

s o u t h e r n  Puget  Sound w i t h  the ep i c e n t e r  p l o t t e d  near  t h e  c e n t e r

( a ft e ~ Al ge rm i s s en  and h a r d in g , 1965). The c o n c e n t r i c  c[1:IL-5 :lr~

contours  of t h e  p o s i t  j o i n  pP h i t s  the  s u r f a c e  f o r  a p a r t i c u la r

Sta t  ion d i s t a n ce .  T h e n i e  were  computed f r o m  ray t h e o r y  for mode l

P S — 9  us in g  t h e  exp res s ion

x r = 
~~ f- - - Ti n .

j =1  aj  ~J

wile re

x rad i us p rom 
~i’ j -en t -rr

p r : iy  p .traniete t rune-n I - I -i
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j  

=(
~~

- 2)

Th . = thickness of the ~
th layer

The sunmiation is for  all  layers between the hypocent er  and the free

su r f ace . The hachured  lines across Fi gure 11 represent  a simp l i f i e d

vers ion of s t r u c t u r a l  d i scon t inuit ie s  f rom the g r av i t y  and magnet ic

interp retation of Dane~ et al. (1965). They are dashed where

questionable. The t i ck  marks are on tile d o w n — t h r o w n  s ide of t~~n-

i n f e r r e d  f a u l t .  The large numbers in pa ren theses  are i n f e r r e d  d~ p1 hi s

to crystalline basement fron the su r face . This map r e a d i l y

d e m o n s t r a t e s  t h e  g r ea t  s t r u c t u r a l  re l ie f  and comp l e x i t y  i n  t h e

n e a r — s u r f a c e  geology . The con tours  of p P arc only a p pr o x i i ; i t t - s h e

cons ide red  f r o m  t h i s  approach s ince  they  were c a l c u la t e d  u s i n g  a

plane layered model , an assumption which clearl y break dowii t on t i n e

near  s u r f a c e  layers . N e v e rt h e l e s s , they should be u - ; c f u !  t o  f l i t

order. Conipar i i~~ t i n e  d i s t ance  r snipe:; and LIne t ruct ore gives a

poss ib le  exp l a n a t i o n  fo r  the amp l i t u d e  b eh a v i o r  of - i n e r t  pci iod pP.

For al l  s t a t i o n s  at  dlstance~ l e ss  t h i i n  73 ’ p 1’ h o n i n es ~~t ‘ O i i l t

wh ich  have thick s e c t i o n s  of sed iment  . For  it ion- , wi t h  r anig - s

gr e a t e r  t h a n  t h a t  , pP bounces  within the b ou n d . i  r i i .- ci thit’ 1 t

i n c  mi t  or near  i t ¶ n  ed ge where scdtm en t Lb 1 1-: 1€- : :; e:; . l n -  p r -c uma b  l v

smna I i cr .  T h i s  o b ser v a t i o n  se& -in -n t o  c u r t - i  t ,- with ti n - ci l e t

in the t r 
- O f  1- i in re I ( 1~ ‘0 - : ii ’ ‘~ , t I i  - 1  , t h e  t i - fl 1 i (in ~ p 1

- . 5- 5-- -5- . —-- 5- - 5-- — —
~~~~-
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relat ive to P comes from either structurally disturbed sediments

causing wave s c a t t e r i n g  or perhaps  f rom ane las t i c  a t t e n u a t i o n .

E i t h e r  mechanism is feas ib le . An e f f e c t i v e  ‘Q ’ can be computed

from these observations by using equation (3). A conservative

es t ima te  of the amp l i tude a t t enua t i on  f a c t o r , a , is about 1/3 for

a .75 sec short period sinusoid , and with a total travel time , T,

of 17 sec gives

= -oT 
( 3 )elf 2 l n a

= 65

This  amounts to  convolving pP with another Q ope ra to r  en t o p  of the

f i r s t  (T/Q = 1.0) w i t h  a t r a v e l — t i m e  to Q r a t i o  of 0 .3 .  This

p a r t i c u l a r  Q o p e r a t o r  would have negl ig ible e f f e c t  cii a long p er i o d  P

w a v e f o r m .

The r e a l i z a t i o n  t h a t  Puge t  Sound is s t r u c t u r a l ly heter op c”!’i

can exp lain wh y the  shape d e t a i l s  of pP are not fit by PS—9 for a l l

azimuths (see Fig ure 2 ) .  In f a c t , i t  is s u r p r i s i n g  that ti n e mode l

works at a l l .  Pe rhaps  the p a t h o l o g i c a l  case of Chili , F l  pu r e  2 ,

can have an exp l a n a t i o n  in t h i s  li g h t .

Ret  urn i ng t o F’ i gure 1( 1 one 1 a- ; t point c n n I  b ::n. ie us i nip I

s h o r t  p e r i o d  St i c k i n g  p rocedu re . The h o t  torn t r ac e , I - i i n .’l ed ‘

i n ,  t i n e  ~Ivem ;Igt - of b o t h  h o r i z o n t a l  shi r t  per iod S w -n ’-r 0m 1 ’ ni

at seven it at i (IllS (Tah I i I). The r-c ’ :;ni l t ‘~~ the ’ i v t - r i p t n g  r i V e ; l  

— _  



two ar r i v a l s  roug hl y 3 sec a p a r t .  The f i r s t  is i n t e r p r e te d  to  be

d i r e c t  S. Comparisons  w i t h  each cor respond ing  long p e r i o d  c o m p o n e n t

re vealed tha t  t h e  short  pe r iod  S s t a r t e d  a f t e r  any long pe r iod  S—I’

p recursors  and cor re la ted  w i t h  where the long per iod  a r r i v a l

was sharpest. t i e  s - ( - o nd ,-n r r i vsl , because

of i ts t i m i n g ,  is in t e rp reted to  be the r e f l e c t i o n  f rom t h e  b o t t o m

of the LVZ . This a r r iva l  did not  occur a t  a l l  n - t n t  joins arid there

were si g n i f i c a n t  waveform v a r i a t i o n s  between st~ io n s  to r;,nke

this  a t e r I t a t i ~~ conclusion . It  does g ive  weak e v i d & - z i c t - ng~ii rnst

m u l t i p le source comp l i c a t i on s  t h r o u g h t i n e  : ipTc- - u ’ e l n t  i n  t r av e l t lees

fo r  the i n f e r r e d  r e f l e c t e d  S phase.

Discuss ion  of the  e a r t h q uak e  r e su l t s

The source model presented here is an excec i I mg i: S i r r ; ’  1 . - o n to .

Tine orient at ion a g ree s  w i t h  p r ev i o u s  s t u die s  no d  t he  t i ‘:- - liii - I iii

is short  and uncomp l i c a t e d .  I t  is cer t  I i  t i l y q u i t e  p oss ib l e  that

there are o t h e r  ; ;ani r -e comp li  cat ions bu t  an e a r t h  lil t - h e  I ii - t: ~ - ‘- e S

presen ted  w h i c h , i f  a n y t h i n g ,  demons t r a t e s  t i n e  prol ’  en-i- ; one Ii ;- -; to

deal w i t h  in o r d e r  t o  d i s c -t n-ni thc ni~ e f f e - t s .

The earth model , on tine other hand , ;. : H I~ n t H.- e i y e rr - - ’ ’  j e t ’ - ’ .

in 5;omn- r e s p e c t : -  i t  i i ;  hearten im p I ’  see m o , - n ; o ; n n c  :sn r t s of t In , - t a - I ’

a~’, rc( wtt In t hio gt ’o iopy and p r r - v i  us - , ~~t ’Sj t n V - . i cnn . [‘n- exanip It - , t i n t ’

inferred crusts ’. th ickness I: ~~ s1 1) [ci . T n e  H - f r i  IOU

re- silt s are ctn:n: :js t c:it with th is i j i c i n n d j o c ’  , l  r i - c t - n t  - - t  i , I v ins :i,,’ 

--~~~~~~~~~~~---~~~~~~~~~~~~~~~—*~~~~~~~~- . - - - - - 5-~ .- . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



local mine blasts recorded by the  i’uget Sound s e i s m i c  ;nrr :nv. Th u

particular stud y also obtained a shallow depth to Moho of 15 t o  2(1 km

(H .  Z u e r c h e r , 1 9 7 5 ) .  The low ve l o - i t v  l ivers

at the top of the model , needed to widen pP and a t t e n u a t e  sP , correl tt -

nicely with the thick sections of presumably Tertiary sediments under t h e

blanket of glacial till.

On the other hand , discovery of the massive l IP’ in the uppcrm st mantl e

by these means presents many problems in uniqueness , al though the model

produces  a good fit to all the P waves. Clearly, a cheek on this conclusion

is d e s i r a b l e .  One way to do th i s  would be to examine  m i s t  h e r  earth quake

to see if  the  same s t r u c t u r e  e f fe c t s  are obse rvab le .  l’he 9-i 9 Ovent n~-i ’ u d

he the  logica l  choice  s i n c e  i t  occurred nearby ar id at  a d e p t h  ol 7t) km.

The record s , howeve r , are not en s i ly av a i l ab l e  and t l i t ’ ci - r i  ~~t i ‘ in o i  t i l e

event , r e l a t i v e  to  the s t a t i o n  coverage , m i g h t  not  he ;n p p r t ’p r  at e  I n

observing these  e f fe c t s .  Because the  i n f e r r e d  s t ru c  t ins 1 h t u n ;nti r i -c- - ,

t h e  LVZ are so d i s t i n c t  they shou ld  be d i r e c t l y  t ’b si-rv i ( Ic rum up - t in i rip

phase convers ions  and r e v e r b e rat i o n s  using t c l e s e i s n n i e  S- s I r ’  5 f t  - I  ~n t  [ ‘n : :

s i t u a t e d  over the structure. Fortunately, t he re  are Sev e rn I I- trip pe riod

WWSS and Canad ian  ne twork  st a t i o n s  it ’;n rb y to  t t -- 4 t t i n e c i , ’ I . H ’ -  ~~~~

Stat ion at ( ; ‘r v a l l i s , Oregon , was studied  in this m a n n e r  Ii - ‘ n i p  - t  on.

t h i s v o lume ) and a l t h o u g h  the  d e t a i l s  of t h e  -n rth ‘t I ’ i ~ I art - l i f n , ~n ,  - - i

I ’ S—9 , the  d i s t i n c t  LVZ was aga in  found .

It  is i n t e r e s t  ing  to note  that in ,, r e - - n i l  - s 1 of ‘~ ls- r or , n rt h - i ~~~

t r a v e l  t i m e s  in Puget Sound , Cri sson ( l~)’h ’ ‘ toni- ’ - I po: t i b i ’ - i . \ ’ m l

lie s t a t e s  i t  may not be r e s o l v ab l e  t r ’ t i  h i s  i Ln . i-’n n r  t I n t - n  d i - -~- . m i -  - ‘i

w i l l  he given in l — mnig : ; t on (1 97h It . ti n i n: v i  5 : - i  - 
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Conclusions

A m a j or , d i s t  i nc t  low v e l o c i t y  zone is inferred in the mn I I’ t r r ; - t

m a n t l e  under Puget  Sound by modelling reflected arrivals i n  t i n e  l on g

per iod  P waveforms  f rom the 1965 Puget  Sound ea r t h q u ak e .  t h e  LV?. o c c u r s

in the depth  i n t e r v a l of 41 to 56 km and is s a n d w i c h t - d  hn- t  W e t - l i  1~~ver

having mantle velocities. The velocity contrast at time bottom interface

of the  LVZ mus t  be on the  order  of 2 . 5  k i n/ s e c  IS i n f e r r e d  Iron ti n e

t h e o r e t i c a l  r e l a t i v e  P amp litudes from the point dis location sour e .

assuming h o r i z o n t a l  s t r u c t u r e .  If  e a s t w a r d  d ipp i ng s t r ; n e t u r t -  i s  m I l - ’- .ci’d ,

t he  v e l o c i t y  c o n t r a s t s  in the LV?. trade—off direct i v  w i t h  d i p .

The c r u s t  of sou the rn  Puget  Sound is tin  in , l i - i s  t h a n  I ‘~ km , and

has  a t h i c k  sediment  sec t ion  neir the  surfnn:e as in! m - r r ,  2 ¶ ron t i n t -  nih

of t he  pP anti sP phases .  This  is cons i s t en t  w i t h  e n t l n , - r gt -o i ’ i n v c - i c a l

s t u d i e s .

The e a r t h q u a k e  sour ce  p a r a m e t e r s  d e t e r m i n e d  by the  P and SU v~; v , -  I on

s t u d y  - i re  the f o l  l o w i n g :  70 0 d ip to t h e  ea st ;  (~~~ 4
O it rikt - ; — 7~ ° ru-s .

making it a normal di p — s l i p  f a u l t , co n s is tent w i t h  pre v i ou s  i t t i d i t ’ s :

.s~- i sm i c  m oment  o f  1 .4  ‘ 0.6  x i0 21 ’ dyne—cm; 61 km depth; and ii s ir;p le

t i m e  h i St orv represented b~’ a t r i :mngtn I ar far—field slur ,- - fume t i - t i n  w I n

a r i - s  t i nt- t i  OA s~-t - and a fall off of 2.5 si ’’ . The d € - p t l n  i s  con str l i n e n

by pP and niP ¶ r,,v,- l t ines.

‘ih i -  sy n t h e t l i -  P and SH w ,nv ~-t orms computed  I rem the giv.-:l ni t ’ S - i : , !

- - n r t h m o d e l s  r &- p i - t d i n t - - ti n t- major azimuthal v nl r !,mt l o i n i  wh i I i  ct - i n s  i i i  E l i ,

d a t : ,  w ave forms .

A s i m or  t N’ r I od s t a c k i n g  p r o c e d u r e  n i t  [1 1 z i up  t he  inns  I - m i t t  i i i , ’, ’  ii

ann p l i t ud e  of the  an a l  y t  i t - s i gna l  i s  pres t-nt t’ ,i and tiit’d t o find re f  I t - - t i  2

- - -5----—— —-- - - ~~~— - -  - - -  - - -~~~~~--
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arrivals. An apparent attenuation is found for short period versus long

period pP and is correlated with sediment thickness n i t  the ref lection

point. The amplitude discrepancy yields an effective Q of about ~‘5

for the earth structure above the earthquake.
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Table 1

Station Information 
-

Station AZ~°~ BAZ~°~ 
ço~~ on~ nLs

AFt 75.3 2 2 9 . 7  32.3 P, p (d)

AKU 53.2  30.1 304.7 p ( b )

ANP 87.8 305.5 37.6 P

ANT 8 4 . 8  1 3 3 . 6  3 2 7 . 5  P , p ( d )

ARE 7 8 . 2  1 3 0 . 5  327 .5 s

ATL 31.8 102 .2 307.4 P , p (a)

ATU 89.8 26.2 337.7 F, p(d)

BEC 45.7 87 .6 306 .7 P , p(b)

CAR 59.2 109.5 319 .4 P , p(b), s

COP 70.5 25 .3  329.2  F , S

ESK 65.6 33.3 319.3 p ( c )

CDII 39.4 31.6 272.9 P, p(a), S

CIX) 33.7 87.8 299 . r 1’ P (~~
)

CIE  55.5 140.0 334.1 p(Ti)

CIJA 82.0 2 8 1 . 2  43 .3  p

ILNR 88. 7 254. 7 41.6 P , p (d)

iSV 88.3 2 1 . 3  340 .9 1’ , p (d)

Ki - IV 61 .0 11.] 336. i’ 1’ , p

(nb . ’, 2 ’~.4  l _ C i . ’ 1’

F, - 411 . 5 _ ‘ ,• o) i - h p .  I I’ , 
~~

- (i n ) ,

It ’d ~~( 1~~() 12,’ . p 1 1 .0 F ’ , p (il l , mm
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Table 1 ( c o n t i n u e d )

Station BAZ~°~

HAL 79.5 46.2 322.4 P

NNA 71.7 132.7 329.3 P , S

NOR 45 .7  11.4 293 .8  iii

NUR 69.2 16.8 336.6 P, p ( c ) ,  s

OGD 34.3 82.8 297.0  p ( a)

PDA 67.4 58.6 313.0 P

PTO 74.1 46.0 319.7 P, p ( c ) ,  S

QU l 60.8 127.5 327.4 1’

SCP 3 2 . 2  85 .2  196 . 9 P

SHA 31.0 110.2 312.3 P

SJG 54 . 1  102.8 315.8 P

STU 7 ’ . 4  1 1 .8 328.3 P , p(d)

TOL 77.2 44.0 322 .1 P , s

TRN 62 . t 103 . 7  3 18 . 1  1’ , p ( c )

liNE 6 5 . 3  17 .3  332. 9 p ( c ) ,  s

VAL 65 .3  39 .?  3 1 6 . 1  p ( c ) ,  S

WES 35.9 78.8 95~~l P , p (a)

I’ : long p er i o d  v e r t  i ca l  P w -n v e l ornn or f i r s ’ mtn t ion

p(a): sho rt p t-m oth vert i c - il I’ wavt- t (n m n. I c n t , - r  inn p _ i t - m n t h e n n i s

des in ~nn ; nt es n ; t  :iei: n n m p  g r e n l ~ n

S long p t - r i n d  t a n g en t  .il S ‘,.,n \c ’ f i’m

- di or t p t - n  I i t c l  Ii rim: - ‘ru t :n I S ni- nv - t - n - - mn ’ n,-d ~ ti s a - ~ iii 
~

- —~~~~-~~~~~
—-—-
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T a ble  2

St  rue ture Models

1) PS—l Layer # V
P 

V p Th

1 3.0 1.2 1.8 2.0

2 4 .0  2 .0 2 .0  2.0

3 5.0 2 .5 2. 2 1.0

4 6.0 3.0 2.3 1.0

5 7. 0 3.5 2.4 1.0

6 7.8 4.0 3.2 28.0

7 6.5 3.0 2.7 1).0

8 5.5 2.7 2.6 10.0

9 8.0 4.3 3.2 -

2) PS—9 1 2.0 1.0 2.5 1.2

2 3.0 1. 3 2.3

3 4.5 2.3 2.5 2.5

4 6.8 3.9 2.9 4.0

5 7. -’ 4 . 2  3.0 4 . 3

7.8 -“ .3 3.2 27. 3

7 (.5 3 .1 1.9

5 5.5 .i .9 ~
i
~~~7

9 S .0 /,. f ’  i . -
i —

1) I.;my~’r (tn-m r hh;i1 I m ; p - i ’ n 1 (.0 3. ” 2. 1 1 ( 1 . Lt

2 8.0 6 .6  ~

- ,.- - - - - -~~~~~~~~~-n~~~~~~
_
~~~~~
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Fi gu re (P i 1n t i o n s

Figure 1 . i ndex  map el  wt- stt-rnn Wnmsliini gto n and m3me gon m f t n ’ n i ’ n p  I ne  op i - - m i t e r

of the - 1965 Puget Sound event and WWSSN st-n t i o n -  m n-n ’ -~I in

t he r o ct ’ ins - r nit rut- t ure determination . Tint .- d a shed  1 I nm is

the approximate extent of tlit- Tt- rt iarv 1- ipt -osync I ~ i it ’ , a l t  t’r

Snavely and Wn ~ p n t - r  (1963).

Figure 2. Comport son of syrnthiet ic and observed P waveforms ‘ em t m m -  f inal

-~ource and earth s t r u c t  ur t -  m o d e l s .  The obsm -rved is disp I aved

directly above the synthet Ic a t  ,‘Sc!n stat ion ni th nbc -~~! e - u l o t t ’ ’ T

moment i n d i ca t e d  next  to t I i ~ t r a c e s  (x lO~~ I— c a-—cm ) . Tine f a~~ai

p lot ii f o r  the b o t t o m  hemisp here .

Fi gure 3. PS— 9 earth model for Puget Sound .

F j ‘nn r 4 . Comparison of P wave sv n itlmt . - t ic  Sc i s rm nn igrninms i t  I i Ve -  r ’t ’  r o  - 1 , - n i t  nit ct

stat ions f o r  t h e  one layer model ( t ot ’ )  and j ’ 5_ u  (5 : t - - I - The

p Fn ~~s- i dent  i f i c n ~t i ou - n - n m i r e m t - f t - r n - i ’d t o  iii t I n e  t n - X t

Figurt - 5. Kb - V ray surnnniat ion sht ‘ni- i ng tI ne effec t s - i  u s e - f  by rn -f I t’ ’ t i out -n  f r o m

intt ’rfa,-t-mn hounding tine i n ht- rred IV 7 .

Fi gni rt - 6. Comparison of I n i ’ i V t -  sv~ n t  h n t ’ t  it ’ S t - i m n n m - n m i l : n -  , ‘ir n ’ n i t  - -P in s i n ig t i m - F’S — I

and PS—9 m art h models (-nh Ic 2) vi I n  t h e  -b - - - r -  ii i ,i ni - it Vl \ ’ ( iii l t d  it ’)

F i g u r e  7. P:mr--irn ct t study in which t in e l i a r !  mn ’ m m t  n il I .mn ’ ,-r int , -n I n ’  - -a  t I n 1 ’  1V~

of PS— ’) ; n r t -  a l l o w e d  t o  d i i ’ . -‘m t i - R u  s t.I I in ’ ni i f -  o r  e-~~- i - , n,

e i m s , - r v t - , I  I’ want- mid j m i s t  he l ow  it Is t mn t i - ,  - - f t ’  ‘~~~5

11 ,-l ow ti n i  - ni-i v i -f o rm ar e  tw o nn ’.- n n t int ’ t ic i - ; I i  l I t  - 
- F - ‘a °

d i~~p in g T V ? .

_________ 
_ _ _ _
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!ci~ n ir , 8. i ’on i 1m i ris o n of the obsm-r~-m - iI mi nd I iu ;m l ~ t - ’ n m t  J i m - t i c  S1i n i - i t t - .- - ;. S;nm,-
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SCALING RELA TION S FOR EAR ThQUAKE SOURCE PARANI:TERs AN!) MAGNITUDES

Robert J. Geiler

ABSTRACT

A dataset of forty—one moderate and large earthquakes has been

used to derive scaling rules for kinematic fault parameters. If effec-

tive stress and static stress drop are equal, then fault rise time , 1,

and fault area, S. are rela ted by r = l6S 2
/(71T

3
~
f2
~3), where ~ is shear

velocity. Fault length (parallel to strike) and width (parallel to dip)

are emp irically related by L = 2W. Scatter for both scaling rules is

about a factor of two. These scaling laws combine to give width and

rise time in terms of fault length. Length is then used as the sole

free parameter in a Haskell type fault model to derive scaling laws

relating seismic moment to M5 (20 sec. surface wave magnitude), ~‘s

to S and ni
b 
(1 sec body wave magnitude) to M . Observed data agree’

well with the predicted scaling relation . Th: “source spectrum ” depends

on both azimuth and apparent velocity of the phase or mode , so there is

a different “sourc.~ spec trum” for  each mode , ra ther than a sing le spectrum

for all modes. Furthermore , fault width (i.e. the two d imensionality

of faults) must not be neglected . Inclusion of width leads to different

average source spectra for surface waves and body waves. These spectra

in turn imply that ni
b 

and M reach maximum values regardless of further

increases in L and seismic moment . The in. :M relation from this ~tudvO s

d i f f e r s  si g n i f i can t l y f rom the G u t e n b e r g — R i ch t e r  r e l at  ion , becau~ c the

G—R e q u a t i o n  was de rived  fo r  body waves w i t h  a p r e d o m in a n t  pe r iod  of about

5 sec and thus  does not apply to modern I sec m
b d e t e r m i n a t i o n s .  Previous

_ _ _ _ _  *~.—~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-
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investigators who assumed that the G—R relation was derived from 1 sec

data were in error. Finally averaging reported rupture velocities

yields the relation V
R 

= .72~ .

INTRODUCTION

The purpose of this paper is to examine empirical relations between

gross fault parameters and the agreement of these relations with theo-

retical models of seismic sources. The gross parameters to be studied

are fault length, width and rise time, rupture velocity i
~~~ 

and M , and

seismic moment. Data front other investigators’ studies of individual

earthquakes are used to study scaling of source parameters in an approxi-

mate way. In general the data are consistent with fault width scaling

proportionately to fault length and rise time scaling proportionately

to the square root of fault area. This scaling can then be used to find

1% 
— 

~~~~~
‘ 
log M — ~I and log S - 

~ 
relations. Some of those relations

have been studied by Kanamori and Anderson (l975b),who provided a theo-

retical basis for many of the empirical relationships used in seismology .

Tsuboi (1956) was the first investigator to utilize similarity, the

concept of relating earthquakes of different sizes by a one parameter

model. By assuming that the horizontal dimensions of the earthquake

source volume were three times larger than the vertical dimension ,

Tsuboi derived from the relation E = pt 2A~
”5/6, where E is r e l t i s e d  energy ,

~i is average rigidity, c is average strain drop and A ia a f t e r s h o c k

area. Such approximate scaUa~ relations , as first pointed out by

Tsuboi, require that the physics of material failure be identical for

large and small earthquakes. It t ha t assL ’mpt ion  Is  genera lly  t r u e  and
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if earthquakes tend to be geonetrically similar, then it follows tha t

fault length and width , and final dislocation all will scale together.

Differences in material properties will weaken the exactness of the

similarity when earthquakes from two different regions are compared ,

but , in an approximate sense, similarity, as is shown by the data pre-

sented below, is a valid concept.

The first paper to systematically relate observed gross seismic

source parameters to the source spectrum was the now classic work of

Aki (1967). Although the results presented in this paper modify his

results, the methodology and basic outlook are similar to Aki ’s. Later

Brune (1970, 1971) contributed to the understanding of seismic source

spectra.

Similarity between earthquakes is a dynamic as well as a static

concept. Not only the final static parameters, but also the spectral

shape of the equivalent source time function, scales with fault length.

Spectral similarity can best be demonstrated by comparing two earth-

quakes with identical location and focal mechanism, but different

magnitude. Such a comparison ensures that seismograms from both events

will be affected equally by the medium response, so that all differ—

ences between the records will be from the source effects.

Observational studies of similar pairs of earthquakes have been

made by Berckhemer (1962) whose results were interpreted by AId (1967)

to support Aki ’s u 
2 

model. Tsujiura (1973) s t u d i e d  groups of events

from various regions, concluding that most data were In accord with

2 
model , hut that some were better fit by an or ~ fflO (Icl .

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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One canno t d irectly compare spectral characteristics of sourct

mechanisms f rom d i f f e r e n t reg ions withou t f i r s t  c o r r e c t i n g  the seismo-

grams fo r  t ransmission e f f e c t s .  Removing the e f f e c t s  of medium response

will usually require use of synthet ic  seismogram me thods . We assume

however that one can compare logarithmic fault parameters , such as mb,

M5 or log L, for events in different regions. These comparison are

made with the intention of looking at order of magnitude iilationshi ps

rather than details.

In this paper we will look at scaling relations between five sets

of such logarithmic parameters : log L vs. log W (fault length v’~.

width), log t vs. log S (fault rise time vs. area), N5 vs. log fl 0

(surface wave magnitude vs. seismic moment), m~ vs. N5 and log S vs .

Wha t will be shown are not exact correlations , hut rathe r trends which

appear to be applicable to most earthquakes. Agreement between the

simple model used in this paper and the data are quite good. (long

narrow t r ans fo rm f a u l t s , such as the San Andreas, are a ~~ra~ e c i a ,  of

faults which are not considered in this paper.)

OBSERVATIONAL DATASET

The ear th quake da ta  shown in Table I are fr ~~’~ th e  ~~~~~~ ort V e11~ ~~~~~~ I~~w

events  used b y Kanamori  and Anderson ( 1 9 7T h) .  .\l  I v t i u . ~~ I~~r ~ a r t

f rom t he i r  paper ;  the sources for  all . o t h e r  ~~~; e r v i t  i. ol1.~ I pa r i ~n c t  ‘ rs

are given in the  t ab le  of r e f e r e n c e s .  I ’x c v p t  b r  ~i i r r t r r th t t ~~r e i i ces

which are p r i m a r i ly  due to the use of sl ightl y di lie rent ref (retices

da t a  f o r  and S are ejtiivalent to  Kanamori ~~~ , i i e t  ~~~~~ ‘. I : i h
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numbered e n t r y  in the table of r e fe rences  cor responds  to the ear t hquake

with  the same number in Table 1. All bu t  two of the colunm s are

observational data; i*, predicted rise time , and Ac , calculated stress

drop , will be discussed below. Length and wid th  have been taken from

the references , or in some cases est imated.  Length always re fers  to

length along the s t r ike, regardless of focal mechanism; width refers

to width along the dip. Average dislocation comes either from field

measurements or from divi~ ing the moment (determined from seismograms)

by the area and ~n assumed value of the shear modulus.

For all events since August 1963 the ta
b 

va1u~� is either taken

d i r e c t ly f rom the P E ~~Ion th1y S ummary , or ca lcu la ted  f rom the  da ta  in

Earth qp~ake Data Reports.  As reported by L. N . Murp hy in Bath (1969) ,

USCGS ( later NOAA and now U SGS) asks for  the amp l i tude  of the largest

pulse (with period less than three seconds) in the f i r s t  f i v e  cycles  of

the teleseismic P or arr ival .  The values of A and T arc then  used

in the Gutenberg—Richter  formula

1% 
= log10(A/T) + Q, U)

to derive ntb for  each s ta t ion . Values mor e than 0 . 7  m a g n i t u d e  un i ts

f r o m  the mean are deleted and the f i n a l  average  ie  t hen  t a k e n .

Es t ima tes  of r ise t i m e s  t y p i c a l l y  w.. r i,’ tirade b y f i t t i n g  the f i r s t

upswing on long—per iod  local records to s y n t h e t i c  Seismograms ~‘ . i I c t i —

la ted  using the Haskell (1969) whole  space model  at  one or two s t a t ion s .

~ 

- . .



Clearl y it would be desirable to use syn thetics made f o r  mo re r e a l i s t i c

models of earth structure , but they have not  yet  been ca lcula ted  fo r

these events. Uncertainties due to the tradeoff between rise time and

rupture velocity and due to the model may combine to cause errors which

cannot be es t imated.  In some cases , such as the T o t t o r i  e a r t h q uak e

(Kanamori , l972b) , rup ture velocity and rise time are independently

constrained.

LENGTh VERSUS WIDTh

Fault length is plotted against  faul t wid th  in Figure 1. It can

be seen that (with considerable scat ter)  observational data demon-

s t r a t e  that L 2W. In Figure 1, the numbers refer to earthquakes in

Table 1. In t rap late events are p lot ted as open circles and .int crpLtte

events as solid circles. (This convention is also used in  a l l  l a te r

f i gures . )  There is not any clear difference between the interpiace and

in t raplate  groups .  Abe (1976) has independ e n t l y  found L 2~.’ or a

datase t  of Japanese earthquakes.

The Haskell model uses L as the direction in whLch rupture

propagates , while L was measured along the d i rec t ion  of t h e  ~ t - ik e  ~or

Fi gure 1. It is impl ic i t ly assume d , then , tha t  fo r  these -‘ .1 cv en t~•,

r u p t u r e  propagated para l le l  to the s t r ike . This a I n~os t cert ain! v f . l e e

fo r  some t h r u s t  even t s  such as San S~ rnando ( i~~o re and 1;u h (1074)

F Tr I f u nac  (1974) ,  ‘J kumo (197 3!,) ) ,and ma -
~ w e l l  he I a I ei ’ f or  ‘vr ’e  .-; I b

:c rn— ak i I. < W . I n  s pi te  of the~~ e xce 1 t i e e e  i t  a c e r, , ; th at ~~~~~ t i r e

U S Il .~~ 1 ly  ~ ro ’rg.r t es p ar a l l e l  to th~ s t r i k e , espec Ia lv for a r ike—s l i p

faults.

_ _ _ _ _  - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ~~. ~~~~ .. 
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RISE TI~~ VERSUS ThEORETICAL PREDICTIONS

Kanamori (l972b) showed that

D =  
(2)

t e,o p

where D is dislocation velocity, D is average dislocation , i is rise

time, and c is effective stress. If one assumes that effective
e,o

dynamic stress is equal to static stress drop, Ac , this assumption can

be tested by comparing observed rise times to the theoretically pre-

dicted rise time

(3)

One can obtain stress drop in closed form for only a few simple

models. The most straightforward of these is the circular crack with

constant stress drop discussed by Keiles—Borok (1959). For that  model

stress drop is given by

= 7
3/2

~~,(16~~) = 7M /(l6(LW/r)
312
) (4)

Although this formula does not give the exact stress drop for the

rectangular fault model, it follows from the work of Sato (1972) that

this is a good approximation . If we substitute (4) in (3), where S is

the area of the rectangular fault and II is average dislocation , we

obtain
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= 165 
2

/ ( 7 3/2~~) (5)

The values of Ac and T * in Table 1 were ca lcula ted  using (4) and ( 5 ) ,

respectively.

Figure 2 is a plot of observed versus predicted (from (5)) rise

times for a number of earthquakes. It can be seen tha t, again with

considerable scatter , observational and theoretical rise times are in

agreement. Abe (l975b) reached a similar conclusion f rom a dataset  of

five Japanese earth quakes.

The ag reement between theoretical and observed rise times has

important implications for engineering seismology. The only observa-

tional parameter required in (5) is fau l t  area , which f r e q u e n t l y  can be

estimated from geolog ical data.  If total  dis locat ion can also he

determined f rom geological field work , then par t ic le  velocity near  the

fault, an important parameter in engineering seismology , can he r o l l ab l v

estimated. This is potentially of great values in areas lac ’
~.lr c: in

historical seismicity or good instrumental  data.

RUP TURE VELOCITY

Table 1 lists rupture  velocities reported b y v ;r r ious  [r v e st i g . r t o rs .

These values were determined from matching synthetic se i sn s gr ;en s to

local records or from surface wave analysis. To a certain extent then ,

these values are model dependent . Some also may he affected by the

d i f f i c u l t y  in resolution be tween  rise t ime and r u p t u r e  v e l o c i ty .  N ev er—

theless , these measurements  p rob a b t y represent  a good average e . r m p l e  of

_ _ _  _ _ _ _ _  . . . ———
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rupture velocity measurements. If one picks values of 3 rang ing from

3.5 km/sec for  shallow crustal  events to 4.5 kin/sec for  events breaking

the entire lithosphere, one then can calculate  that the  average value of

(vR/8) is 0.72.

Archuleta and Brune (1975) found V
Rf~ 

= 0.7 in experiments on

fracture of prestressed foam rubber. Their measured value was for the

surface of the foam rubber, but if one assumes infinite rupture velocity

along the dip, their result agrees very well with the result VRf~ 
= 0.72

observed for earthquakes. (Their minimum possible value for VR!~ 
at

depth is O.63e.) Agreement between the earthquake and foam rubber

rupture ve1ociti€~a may be fortuitous or may be caused by a common

physical friction mechanism.

CHOICE OF FAULT MODELS

All “deterministic” source models specify some (nearly always

kinematic) conditions at the source, which then fix via the repre-

sentation theorem of de Hoop (1958) and Burridge and Knopoff (1964), the

complete time history at every point in the medium . ( Aki (1967, 1972)

and Haskell (1966) proposed “statistical” models in which only the

amplitude spectrum at the source function is specified. Since we will

be looking at dislocation rise times, these statistical models are not

appropriate choices.) Typically the source theory papers calculate

seismograms for an Isotropic homogeneous whole space . Since our inter-

est is in logarithmic source parameters , we will assume the whole space

models art adequate.

— .  .-. . .
~~~~~~~~~~~~~~
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In most deterministic source models , either fault dislocation

(e.g., Haskell (1969), Mikumo (1973b)) or stress drop (and therefore

fault dislocation, e.g., Burridge and Willis (1969), Richards (1973),

Sato and Hirasawa (l973)),is specified , which in turn gives disp lacement

at other points in the medium. Other authors, e.g., Hanson et al.

(1974) and Andrews (l975),have studied numerical models with friction

between the fault surfaces.

All of these models predict far—field pulses which scale linearly

with fault dimensions. Also they all yield flat spectra at low fre-

quencies and u~~ high frequency asymptotes (n � 2). Thus all of the

models have at least one “corner frequency” (and some have several).

For these models the static or low frequency level, which is proportional

to seismic moment, grows as L3.

We will continue to use the Haskell (1964, 1969) model of a

rectangular fault (shown in Fig. 3) in this paper. Most studies have

used this model in the determination of rise times from local, ati smo—

grams. The basic Haskell model is a fault with length L, width W , rise

time T (linear ramp time function), final dislocation D and rupture

velocity V
R
. Rupture is instantaneous in the width direction and

propagates (starting at one end) along the length with velocity V
R
.

Some investigators have made the natural extension to bilateral rupture

propagation .

Haskell’s (1964) expressions are for a “one--dimensional ” mode l in

which width is included only as a weighting factor in the moment..

Hi rasawa and Stauder (1965) and Nikunro (1969) included the comp let e

L. _ _ _  .~ _ _
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effect of the width to obtain an expression for spectral source

amplitude.

MØ R~~ sin(u~~) sin (WX L
) sin (uX

~
) 

(6)
c 4nprc3 uXw

In (6) N is moment, p is density, r is distance, c is either P or S

velocity and R~~ is the radiation pattern (given by Haskell, 1964).

x, and x~ are duration times associated with length and width , respec-

tively and determined by fault geometry and position of the observer.

XL jL(1/v~ - cos O/ c) /2 1 (7)

= IW(cos 4 sin O)/(2c)I (8)

x
~ 

= r/2 (9)

SPECTRAL CHARACTERISTICS

For the present, let us adopt (in slightly modified form) the

similarity relations given by Kan axnori and Anderson (1975b).

= C
1 

= const (JO)

D
= C

2
= const (ii)
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= C
3 

= const (12)

(10) is the condition of the geometrical similarity; (11) and (12) imply

constant stress drop and constant effective stress.

We will select values of the constants which seem to be good

averages of observational data. We found that

L = 2 W  (13)

seemed to be the approximate average of the empirical data. When we

substitute L 2W into (5) and set ~ = 4.0 kin/sec we get

= [16 1L2/2 / (7
3/2 

4)1 = .0726L (14)

where t Is in seconds and L is in kilometers.

We could use (11) directly to get a scaling relation between

fault displacement and length. In practice though, most estimates of

D in Table 1 come from dividing M by us, so it seems better to relate

moment directly to length. Setting L = 2W in (4) gives moment in terms

of fault length and stress drop .

M = L
3

AO 16/ (7(2n) 3h/2 ) = ( 1.45 1020
) L

3A ( 15)

where M is in dyn e cm , L Is in km and Ac in bars.

. -- - —-

~ 

. ..- -- - -- --- .-,-- ,, ~~~~~— -~~~~~-~~~~~~~~~~~~~~~~ -



- 

TI

V-13

13

From (6) we can isolate a spectral factor , dependent only on fault

parameters and frequency.

3 Sifl (~)~~~ ) sin(uXL) sin (°X~
)

A(u) L — (16)OXL

The L3 term follows from the similarity relation .
~~ L

3
. When A(w)

is multiplied by stress drop and the constant in similarity equation

(15) we get the source moment rate spectrum.

Equation (16) and the factors (7)—(9) are well known results for

the case of a rectangular fault in a whole space. These expressions

can also be applied directly to the case of a rectangular fault with

horizontal rupture propagation in the earth. The form of the expressions

remains identical, but c now should be in terpre ted as the apparen t veloci ty

along the earth’s surface.

For body waves c = v /sin i, where v~ is the near—field P or S

velocity and i is the takeoff angle of the teleseismic ray from the focal

sphere. This can be understood physically by invoking reciprocity.

Signals from a source at the position of the teleseismic receiver would

be picked up (L cos O)/(2c) sooner at the end of the fault than at

the center. Thus for the case of Infinite rupture velocity, this is the

difference between arrivals at the receiver from the end and center of

the fault. This type of geometrical interpretation can be app lied to

both (7) and (8), so that these factors are seen to be the difference

in arriva l times obtained from geometrical optics. Ben—Menahem (1962)

gives a more r igorous derivation of this result.

_ _  _ _ _ _ _  -. ,~~N _ _  —
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For s u r f a c e  waves (7) is the well known directivity factor first

given by Ben—Menahem (1961). If we neglect the variation of the excitation

function with depth , (8) is the factor for the effect of fault width on

the surface wave spectrum . In both (7) and (8), c is the (frequency

dependent) surface wave phase velocity. The geometrical interpretation

of (7) and (8) as phase delay between “arrivals” from the center of the

fault and the ends is the same as for body waves.

Typical values of c for teleseismic P waves might be 14 km/sec. while

for surface waves 4 km/sec is appropriate. If rupture velocity,

V
R 

= 2.5 km/sec, then for surface waves 1/c will be of the same order

of magnitude as i/V
R
. As 0 varies  from 0 to 2~r , XL will range from

0.15L to 0.65L. Thus a horizontally propagating rupture will

cause a large directivity effect. On the other hand , for body waves

from the same source, cos 0 = sin i, so because of the relatively steep

takeoff angles of teleseismic rays, it is reasonable to ass ume cos ~j<O .5.

This assumption leads to the conclus ion tha t XL will vary only from O.36L

to O.44L. There will be only a small azimuthal dependence (i.e. direct ivity

effect) of the teleseismic body wave pulse . This implies tha t one can

infer the nature of a horizontal rupture propagation much more easily

from surface waves than teleseismic body waves.

Because c is the apparent velocity, rather than the near-I icid P or

S velocity, it is inadequate to present onl y a sing le s pe c t r u m  representing

the effect of the seismic source , as was done , for examp le , by Aki (1967,1972).

There is a separate “source spect rum ,” A(w), for each bod y wave phase or

su r f a ce wave mode , because of the different values of c. The source

spect rum depends on azimuth , source d imt’ns ions , ;ItId the phase vt’lo&’ it y’ c.

Both the length factor , (7) and the width factor , (8), are dii ferent for

_ __ _  -~~~~~~~~~~--- .
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each mode. In the next Section we will average XL and over al l

az imuths. In these averages , the value of c will affect only ~~ even

though both factors are affected at nearly ave’-” “~rricu1ar azimuth.

Both (6) and (16) completely neglect the effect of the earth ’s

transfer function on observed seismic waves. If one were to

calculate synthetic seismograms for an individual earthquake, it would

be necessary to consider the earth’s response and the earthquake source

parameters, e.g., Langston and }lelmberger (1975) or body waves or

lIarkrider (1964, 1970) for surface

waves. Langston and Helmberger (1975) have demonstrated that sP and

pP phases play a crucial role in the “P wave” from shallow earthquakes.

Similarly one must consider the surface wave excitation functions and

the source mechanism to calculate accurate Rayleigh and Love amplitudes.

In this paper we considet trends among events , rather than

accurate determination of para~neters of particular events. Therefore ,

we assume that the effect of the earth structure averages out

when we construct scaling relations. Thus we will use (16) to get

relations between tu
b and N , log L and M , log H0 and M5.



- . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

AVE RAGE SPECTRA

We now want to find average asymptotic forms for log A(ta) from

(16). In particular we require expressions for teleseismic P ?hases

(from which tu
b 
will be determined) and for 20-second Rayleigh waves

(from which we find Me
). For both cases we will find average values

of XL 
and x0 which take the direction of radiation into account. In

making our approximation , we will replace ~(sin X)/X by one for

X <  1 and by X 1 for X~~~l.

Takeoff angles of teleseismic body waves are nearly vertical. We

will adopt the approximation that the rays takeoff straight down.

Thus, for body waves, we set 0 in (7) and (8). Also, in that case,

cos = sin ó, where ó is dip angle of the fault plane. Using these

values, average spectral factors for body waves are

<X L> = L/(2VR
) (17)

body

and

= W sin ó/(2c) . (18)
body

For surface waves we will average XL 
and b r  U = 0 to 0 2mm .

On the earth ’s surface we get cos — cos ó. Thus we get

<X L> 
= L/(2V

R
) (19)

surf

and

__

~

_ _ :.

~ 
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= W cos ó/ (mmc) . (20)
surf

Comparison of (17) and (18) with (19) and (20) shows that the average

corner frequency due to fault length will be the same for body waves

and surface waves, but that the corner frequencies due to width will be

different. This difference affects the high frequency spectrum only

since the average corner frequency for width is higher than that for

rise time or length. Note that we have assumed that rupture propagates

parallel to the earth~s surface to obtain (17)—(20).

Before calculating numerical values for (17)—(20) we must fix V~ ,

5 and c. Also we will use (13) to relate L to W. We will set

V~ = 2.88 km/sec, ~ = 450 , c = 14 kin/sec for body waves and

c 3.9 km/sec for surface waves. (For the earth, c must be the

appropriate phase velocity, not the S wave velocity. Neg lec t ing  the f r equency
dependence of surface wave phase velocity is a reasonable approximation.)

From (9) and (14)

= 0.0363 L = C L  (21)

(17) and (19) both give

0.174 L = C
L
L (22)

The. width factor for body waves is

<xv) = 0.0126 L = C~~L (23)
body 

=———- ~~~~~~~~~~~~ 
. 2~~~~. ~~~~~~~~~~~~~ ~~-- r~._ t
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For surface waves we get

= 0.0289 L = C
~~

L (24)
surf

We now can approximate the logarithm of A(u) from (16).

log A(w) = 3 log L for  ~~ ~ (C L
L) 1

log A(u) 2 log L — log w — log CL for  (C L
L)

~~ 
< w < (C L)~~

(25)

log A(w) log L — 2 log w — log (C
C
C) for (C1L) 1 

~ < ((~ J~)
•
~
•1

log A(u) = —3 log u — log (CLC C W) f or (C~4LY
’ < w

The spectra from these relations are plotted in Figure 4. Note

that the body wave spectra have a much longer interval of ;2 decay than

the surface wave spectra. Calibration of these curves with M and M
S 0

is discussed below. Also, note that w is in radians in (25), but in

hz in Figure 4.

The asymptotic spectral amplitudes given by (25) are very similar

to the results obtained by Kanamorl. and Anderson (1975h). They used

the same asymptotic approximation for sin xix in con]’inction with

Haskell’s (1964) spectral expression. Sin e Uas kelt ’s expression

ignores the effect of width on the spectrum . the resu lts of this paper

differ from Kanamori and Andersons ’ only it frequencies above the corner

frequency for width. For examp le , the mod el  i i i  t l i i ’ ~ pap er predicts
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constant 20 sec spectral amplitude for faults longer than 110 km while

Kanamori and Andersons’ pred icts amplitudes which increase linearly with

L. As a result, their model predicts N5 .-‘-‘ log L for large events,

while this paper predicts M5 
= eonst.

Even though both spectra in Figure 4 have an eventual w 3 
asymp-

tote, they are quite different than Aki’s (1967) u—cube model. Aki ’s

models, as a result of his assumption that vk.
L 

= k
T~ 

had only a single

corner frequency. His u—cube model makes a fairly abrupt transition

from to behavior. The spectra presented here, particularly the

body wave spectrum, show a gradual transition from w to asymptotes.

—----,,.. ..——.~ ~~~ —--. ~~~~~~~~~~~ _~~~~_ _._ -~~ ~~~~~~~~~~~~~~~~~~~~~
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m. —N !tELATION
b S

Changes in the definition of the body wave magnitude scale have

resulted in a large amount of confusion today. Gutenberg and Richter

(1942) extended the body wave magnitude scale from local events to

fairly distant events which were recorded on Wood—Anderson and strong

motion torsion instrwmments.

Gutenberg (1945) introduced a scheme for m.D 
differing only in

minor details from the summary lxi Richter (1958). He determined

from the instruments available in 1945, which were mostly broadband

mechanical types. Gutenberg (1945) stated that “the average period of

P waves in teleseisms is about 4—6 seconds.” In general, Gutenberg

did not publish the period of the P waves he used in determining m.b ,

but from a preliminary examination of his unpublished data it seems

that many of his amplitudes were obtained at periods of 4—10 sec.

Gutenberg and Richter (1956) published their final version of the

relation between mu. and M
b S

= 0.63 N + 2.50 (26a)

N5 
= 1.59 — 3.97 (26b)

Their primary reason for deriving this relation was to f o c i l i t a t e  the

construction of a “unified magnitude scale. ” investi gators at t ha t

t ime  apparently viewed the d i sc repancy  between the two magn i tude  scales

as an eXp e  ci tp t’ut a I er r o r , r a t  he r  t han  a f t m n d a m n e n  a I e f f e c t

of the seismic source sp ec t rum . This view was not unreasonable at the
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time because 1% was measured at per iods  d i f f e r i n g  onl y b y a f a c t o r  of

2 to 5 from N and modern source theor ies  had not yet been developed . In any

case , Gutenberg and Richter found the (body wave) magnitude m , corres-

ponding to a g iven M , by using (26a). They then took a weigh ted

average of the actual body wave magnitude, and m to obtain m , the

unified magnitude. Later Richter (1958) published values of unified (surface

•~ave) magnitude , N, which he obtained by converting m to M using (26b).

in retrospect , unified magnitude was inappropriate , since it now is clear tha t

for all seismic source theories mn
~ 

and M represent  d i f f e r e n t  p a r t s  of the

apec t rum which  are not  related by a factor independent of fault length.

a, determinations by the USCCS (later NOAA and now the USGS)

differ markedly from those used by Gutenberg and Richter. IJSCCS values

for ni
b 
use (1), but A and T are measured on the WWSSN short period

instrument, which iS sharply peaked at 0.5 sec. T nearly always is

about 1 sec in WWSSN magnitude determinations. Thus WSSN magni tudes

are based roughly on 1 sec spect ral amp litude . On the other han d ,

Gutenberg and Richter determined ni
b 

for many events at about 5 sec,

with even larger T for the largest events. Therefore, it is wrong to

take the Gutenberg—Richter ni
b 
as being rela ted to snectral amplitude at

any one particular period .

1OI)EI,ING in. —M
b S

Aki (1967) proposed two s t a t i s t i ca l  mo de ls  of seismic sources ,

an “u—square ” model (which decayed as w
2 at hi gh frequencies) and an

“u—cube ” mode l , a f t e r  Haskell (1966) (which decayed as w 3) .  Aki

_ _  _
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compared these two models by ca lcu la t ing  spectral  rat ios f o r  s imilar

events and by calculat ing the relation of m.~ to M predicted by each

model.

Aid calculated M
5 

by adding a constant  to the logarithm of

spectral ampl i tudes  at 20 sec. The constant  was chosen to give the

best agreement between theoretical  and observational spectral ratios of

pairs of similar earthquakes studied b y Berckhemer (1962). A f t e r

fixin c~ the additive constant for  N , Aki then defined a similar relation- S

for  m.D • He set rn.1, cons t + (.71 -.- .83) log A(l sec) and found the

constant which would make in. M when N = 6.75.  The c o e f f i c i e n t
1, S S

of log A(l  sec) come s from a correction for  durat ion .

Aki (1967) calibrated his curves for  the u—square  and u—cube

models in this way. He then compared the m.D
_M

S curves p red ic ted  by the

models to the Gutenberg—Richter m.D
_M

S 
relation (26) .  He sugges t ed

tha t  the excellent agreement of the u—square model w i t h  (26)  st l  ~ng lv

suppor ted it, over the u—cube model. Unfortunately, his

theoretical m
b
_M curve was based on 1—sec spectral amplitudes , while

(26) was derived from mostl y 4 to 10 see data. Act ually i t  ~~~ei’~~ t h at Aki ‘ s

support  fo r  the u—square model was incorrect .  The WWSSN tn,
0

—M da t a

(based on 1 sec m
b

)
~ 

discussed below , disagree ‘~~ it hi at w-si~

model.

The approach in th i s  paper is to match  m~—~l , l og  S--~l , log M — M

and spectral ratio data simultaneously , adjusting the two f r e e

p a r a m e t e r s  to get good overall agreement with the data.

A l e a s t  squares  s e l t i t  i o u  not. , i t t  leLi l t y  a~~’) r ’t i ale

.

~

. . ~~~~~~~~~~~~.
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because of the large number of parameters

and the lack of similarity (e.g., different stress drops)

found when earthquakes are examined in detail.

is approximated by a constant plus log A(1 sec) and N by

another constant plus log A(20 see) . A(u )  was found using (25) wIth

the constants in (2l)—(24) . After several trials the additive constants

for in. and M were determined to be C = 4.30 and C = 2 . 9 7 .  To
S 15

b 
N

obtain seismic moment as a func t ion  of L , it was necessary to assign

An for use in (15). Kanamori and Anderson (l975b)

found that stress drops are 10—30 bars for most interp late ear thquakes

and 3~)-l00 bars for most intraplate earthquakes, so Ao = 50 bars was used.

Clearly it is not exactly correct to get 1% and N5 directly from

spectral amplitudes. A more accurate approach would be com-

puting synthetic seismograms and then measuring nib and M5 
as

tt is done for data. For this study, using spectral amplitudes seems

to be an acceptable approximation. We plan to measure ni
b 
and

directly from synthetic seismograms in a future study .

Archambeau (1975) thoroughly discusses the differences between

time domain and frequency domain estimates of ni
b 

and M .  his study

stressed the very small differences which are crucial in the context of

seismic discrimination. in general though , his study supports the

applicability of using spectral amplitudes to es~:fmate of small and

moderate events. Probably any discrepancy between spectral amplItudes

and time domain amplitudes is most severe for larger events. In later

work we will c.-ilculate the size of that effect.

____ -~~~ 
. .-- . 

— -~~
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m
b

M
S DATA

Two kinds of ‘b~~~ 
da ta are plotted in Figure 5. Points below

the solid line midway up the figure are from a study of almost one

thousand events by Evernden (1975). Each point is the average value

of M for all ear thquakes with that ni
b 
value. Because Evernden ’s

values are an average of 0.3 lower than the USGS values, 0.3 is added

to the rn.1, 
values before plotting them. Points above the line are

values for individual events since r,id—fl63 as listed in Table 1.

Data shown in Figure 5 are in general agreement with a study of

the m
b
_M relation by Nagamune (1972). Nagamune fitted two straight

limes to two years of WWSSN mb_ N5 data. He found

M = 1.89 in. — 4.62 M > 5 . 7 3
D S

and

M = 1.05 in — 0.02 M < 5.73

The latter equation comes from a study of small events mostly in

Hokkaido. Magnitudes in the l a t t e r  equation are ve ry s imi la r  to rn,1,

and N
S

in — M curves f rom two models  are p lot t ed  in F i ur e  5. The curveb 5

on the r i gh t  is the — M r ela t i o n  p r &di c ted by A k i  ( 1 9 7 2 ) ,  which is

based just on log A ( l ) ,  without any  c o r r e c t i o n  f o r  d u r a t i o n . It  can

be se en t ha t  a l l  the  da t a  l i e  s u b s tan t i a l ly  to the  l e f t  ( s m a l l e r  nib
)

~ f t i e  — uqila re curve. Tnc~ usion of a dur ,it ion correct ion for large
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even t s  would not affect the basic conclusion that the u—square model

does not agree at all with the data.

The l e f t h a n d  curve is derived from the Paskell model presen ted

in this paper .  It can be seen that  the predicted mb_M5 
curve is gen-

erally in good agreement with the data. It would have been better to

have averaged the value of in,
0 

for all earthquakes w~ th a par ticular M

for all WWSSN events for several years ,rather than present just a few

data points.

The Evernden data have a slope of one for events with in,
1, 
smaller

than 5~i while the predicted m.~,—N curve has a slope of for ni
b > 6.2,

which clearly disagrees wi th  the data. The large events  are too

sca ttered to warrant a definite conclusion , but the p red ic ted  maximum

1% of 6.0 is probably 0.3 or 0.4 too small. This discrepancy may be

due to use of spectral amplitudes instead of time domain amplitudes.

Also, it was assumed above that nib 
was always based on I sec observa-

tions, but this is not strictly true. The Portuguese earthquake of

1969 (number 34 in Table 1) has of 7.3, the largest of any of the

events in Table 1. The average T for this event was 1.77 see; the

Haskell model predicts that if 1% had been determined at 1 see , it

would be 0.5 smaller. A systematic variation of T as a f u n c t i o n  of

ni
b 

could accoun t for part of the difference between th e  t h e o r e t i c a l

c u r ve  and observat ions .  Another  p o ss i b le  e x p l a n a t i o n  ot the differ-

ence may he heterogeneity of  the eon Ni , : i ’~ ’ 1 i d l 1  t i .  ‘Ibis possib i l i t  y Is

discussed la ter  in more d e t a i l .

- —rn---- -_-- - . .-- -- ... ~~~~~
. -- - ---
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h IGH FREQUENCY SPECTRA

The 1-laskell model , which has hi gh f requency  decay , moment

proportional to L3 and “corner frequency”, u , (for fixed source—

receiver geometry , source s imilar i ty  and source mechanism) proportional

to L 1
, is a particular member of a general class of models having

those properties. Following an argument first suggested by Savage

(1972), note that for many source models the area radiating energy to

a far—field observer will appear to grow as t2 and dislocation from

that area will grow linearly with t. The far—field pulse , which is

the time derivative of the moment function will grow as t
2

, giving

(Bracewell , 1965 , p. 144) high frequency spectral decay (assuming

the t
2 onset is the most abrupt d i scon t inu i ty) .  Many models will also

have a “corner frequency” proportional to L ’, where L is some char-

acteristic source dimension of tha t  model. Finally ,  most models g ive

3 .N .— L , where L is a source dimension . For all models meeting the

above three requirements , hi gh f requency spectral  amplitudes wil l

behave as

A(w) M(w
~
/u)3 — L’I(L

1
/~)

3 
w
_3

Thus , all events wi th  f ixed geometry and source type  wil l  share a

common hi gh f r e q u e n c y  asymptote  which is i n d e p en d e n t  of L. There fore

the conclusion tha t  mb ’ and f o r  much larger  e v e n t s , t~~, w i l l  have a

maxim um value , app lies to a mo re general clas i of models. For example ,

Minster (1973), derived m
b
_N curves (with a similar shape to the

curve I rum t h e  h i e ; k i ’ll model in ‘i~~urt ’ 5) f r o r ,-in Archamb e ,-iu t ype

_ _ _ _ _ _ _ _  - ——rn---- - _ _ _ _ _ _
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(volume) source (also u
3 fall off) , although he did not calibrate them

against  mb~~~
1
S 

data. Ninster ’s results also predict maximum values of

in. and M
b S

Man y i n v e s t igators , such as Richards (1973), Dahien (1974), Sato

and Hirasawa (1973) and Madariaga (1975) have ou t l ined  crack models f o r

which the in i t ia l  rupture contr ibutes  an u high f requency spe ct rum

while a “stopp ing phase ” caused by simultaneous cessation of fracture

everywhere on the fault contributes u
2 and therefore dominates the

high frequency spectrum . If such models are app l icable , n~~, which is

based on the initial rupture, would still have a maxImum value, but

N would no t .
5

N Ylf ~Sl~ FAULT AREA
S

Figure 6 is a p lot of f au l t  area , S , (taken from Table 1) ,‘ind M .

The predicted M —log S curve derived from (2 1)—(25)  agrees q u i te  well

with the data .  Note  that  the theoret ical  curve has f o u r  d i f f c n t ’et

segments .  For small ear thquakes , up to M = 6 .76 , the  slope is

From N = 6 . 7 6  to M = 8.12 , the reg ion in which most m o d e r a t e l y  large

earthquakes are clustered , the slope is 1. There is a small section

for which the slope is 2, from N 8.12 to N 3 .22. After N 8 . 2 2 ,
S S S

the largest value of M for  th is  c a l i b r a t i o n  of the  t i : i eL i ’ l I  model , Ihe

slope is i n f i n i te  ( e .g . , S increases wi th  no f u r t h e r  i r i i r ea~~’ in

magnitude.)

There is a systematic difference bet ~~~I ’Cfl the interpla te (closed

c I rc les) and jut rap la t t’ (open c i  rr 1 i’s) iii F i gore 6. Ha I t of the

_
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intraplate event3 fall below the predicted N — log S curve , while

nearly all incerp late earthquakes are above the curve . Kanamori and

Anderson (l975b) showed that , at least in the region with slope one,

this meant intraplate events had a higher apparent stress.

Utsu and Seki (1954) foun d the empirical relation log S = 1.02 M—4.Ol.

Their N is Japan Meteorolog ical Agency (JNA) magnitude , which is roughly

equivalent to N ,and S Is in k~~
2
. For the unit slope part of the

— log S curve in Figure 6 (M > 6.76) the Utsu—Seki relation predicts

about five times the fault area. This may be due to the way lJtsu and

Seki apparently determined fault area. They used an area encompassing

nearly all the aftershocks, ra ther  than the one—day aftershock zone

which seems to give much be t ter  agreement with observed f a u l t  dimensions for

earthquakes on cont inents .  Bath and Duda (1964) proposed the relation

log S 1.21 N8 
— 5.05, based on a study of six earthquakes from

d i f f e r e n t  regions. B~ th and Duda used S as af tershock area (in krn~~~, not  fau lt

plane area , so this is basically similar to Utsu and Seki~ s result .

Chinri ery (1969) summarizes a number of efforts to find a single linear

relation between 
~~~~ 

and the logar i thm of o ther  f au l t  parameters .

N VEF~SUS ~1OMENTS

The da ta  of K a n a m o r L  and Anderson (1975h) show tha t  Ac = ~0 bars

is  a good ave rags , about hal ft•ray b et w e e n  values  f o r  i n t o  rp l ar e  and

intrap l:it events. li~ in~ 1~ 50 and (15) v~ t m d  moment (iu dyne i S)

is rotated to fault 1en~ th (in kn) by N ~
- (7.26 10

21
)1

3 
or

log N = 21.9 + 3 i o~~ 1.. It w i ;  eii wn ab ove t ha t  :t n b e  I., where n
0 - 

S
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var ies between 0 and 3, as can he seen from ti;~ surfare wave spectra

in Figure 4. Therefore , for small earthquakes t h e  M :log M slope is

one; for very large events (H constant) the slope is infinite

(N increases but N is already at a maximum.).

The log N — N data from Table 1 are plotted in Figure 7. Most

of the moderate sized events (N from 6.76 to 8.11) fall on the slope

1.5 portion of the curve (log N ~‘~~~ M). This part of the curve

corresponds to cases where 20 sec spectral amplitudes are measured on

the a
1 

part of the spectrum. Because the corner frequency for wid th

is only sligh t l y greater than that for  rise t ime , the slope 3

(~1~ 3 log N )  region is very small , extend ing only from M = 8. 12 to

N = 8.22. Beyond that , slope is i n f i n i t e .  The data agree quite well

wi th  the  t heo re t i ca l  curve.  As in Figure 6 , i nt r ap lar e  even t s  t end  to

have smaller N for  a g iven N , corresponding to highe r apparent  s t ress .

Aki (1972) showed that his u—square model also agreed well with

M vs. log 
~ 

da ta .  Brune and co—workers (Brune and King, l°~i7;

Brune , 1968; and Brunc and Engon , 1969) presented a magn i tude  scale

based on 100 sec surface wave amplitude . They then assumed be~ M

log A(l0O) and f it two segments , each with slope 1, to the data.

Because of t h e ir  di I ferent definition of N , t h e i r  i esLi lt s c a n n o t  h i ’0

d i r e c t l y compared to t h i s  p a p er .

Data in t h i s  sect  ion show t h a t  when is Is ~t’r than about

~28 dy n e cm , N reaches; it 5 ma x i  on vs l ’s  • i S i inipo r t an  t to con—

si tier t h i s  when discuss in p. t Is ‘‘max inns credibl e cart hquakc ’’ l ikely to

o1’~- II r in a p art i cu lir ar~ a . Fh earth quak e else clay he spt •ci t ted in

_  _  ~--±- ~~~~~- ------
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terms of H for most earthquakes , but when the moment approaches io
28,

magnitude no longer is a val id parameter for specify ing earthquake

size. Wheneve r the maximum crediole earthquake is in this range, e.g.,

as is prob abl y the case in discussing the Alaskan pipeline, momen t ,

not 11 , should he the parameter used.

SPECTRAL RATIOS OF SLMILAR EVENTS

~erckhemer (1962) studied spectral ratios of earthquakes with

:oughly the same location and mechanism. In theory , ttie spectral ratio

method eliminates the effect of earth structure and leaves only effects

due to the difference in source spectra . Aki (1967) used Berckhemer’s

data to determine the relation between N and corner period for the
8

u—square and u—cube models.

Berckhemer~s original data and Aki’s theoretical curves are shown

in Figure 8 together with the theoret ical  curve from the model in this

paper. Both models seem to agree fairly well with the data. Perhaps

Aki ’s fits slightly better. Berckhemer presented six pairs of spectra ,

of which only four are presented here . The remaining two pairs used

smaller earthquakes, involving mostly short—period data , which probably

are less reliable.  No attempt at fitting these two pairs was made .

Tsujiura (1973) published spectral ratio data for many pairs of

ear thquakes. Most of his  events could he f i t  b y both Aki ’s a—square

model or ~~~~~ (1972) version of Brune s “u—model ” , al though usually

one model or the other f i t  somewhat b e t t e r .  There were , however , two

pa i r s  of ev e n t s  f r o m  the  Alc’nr [ans which had spectral rat ios that were 

, --
~~~~~~

— .-
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u n u s u al l y  flat and could  not be f i t  by either model. Tsujiura ’s

spectral  r a t i o  da ta  have not yet  been compared to the model in th is

paper.

DISCUSSION

The Haskell model with parameters (21)—(24) is in general agree-

ment with m
b
_Ni, data (Fig. 5), M — log S data (Fig. 6), M — log N

0

data (Fig. 7) and spectral ratio data (Fig. 8). The most serious

discrepancy between the data and the model come s in Figure 5. On one

hand , the maximum value of rn,
0 
is probably several tenths too small.

On the  o ther , the  da ta  seem to have a slope of about one up to nib 
=

while the curve from the model has slope one only up to rn,
0 

= 4.19.

This phenomenon could be exp lained if most ear thquakes  are comp lex

sources wi th the first burst of energy coming from a smaller , sub-

s t a n t i a l l y  hig her  stress drop source , than the average of the whole

earthquake . If this Is the case, then m
b 
would be measured on a f i a t

or flatter part of the spectrum than one would expect for the earth-

quake as a whole .

Burdick  and Ne u man (1976) have suggested tha t f o r  the Borrego

ea r th quake of 1968 most of the bod y wave energy came f r o m  a source

reg ion w i t h  r ad ius  of 8 km , g i v i n g  about  half t h e  ar t s shown In Table  1.

27Since they also foun d a hi gher moment , 0.1(1? ~ 10 d yne cm , their

s t r e s s  drop,  96 bars , is about 4 t imues the value In Table 1, t ak en  f rom

hl ank s and Wyss ( 19 7 2 ) .  Tucker and Dr one (19/5) al so  simgges ;red t h;it
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sources showed a smaller high stress drop event superimposed on the

overall average event. The 1%_N5 
data in Figure 5 agree with the

possibility of the initial fracture having higher stress drop than the

bulk event , but certainly do not prove that this happens. Other

explanations, e.g., the whole model is wrong, or similarity is wrong

for smaller shocks, are equally admissible .

SUMMARY

The following scaling relations relating width and rise time to

length and f a u l t  area have been given .

~ 2W

= l6S~~
’2 / (7 3/2~)

The relation for rise time was derived from the assumption that  s ta t ic

stress drop and dynamic effective stress are equal; agreement of

theoretical rise times wi th  the data tends to support that assumption .

Averages of observed rupture velocities show that V~ 0.72 13.

The Haskell model predicts that magnitude will reach an upper

limit regardless of further increases in fault length and seismic

moment.  Moment , rather than magnitude should be used to discuss the

possible size of great  e a r t h quakes .

The “source s p e c t r u m ” f rom any source model is a f u n c t i o n  or

a p par e n t  (phase)  v e l o c i t y  of t he  mode or phase b ei n g  cons ide red , as we l l

as of a z i m u t h  and source parameters. It is; incor  r i ’c t  to  speak of a

s i n g l e  “ source spec t rum. ”

_ _  . - ‘ ~~~ _ _ _ _
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Theore t ica l  r e l a t ions  bet~-,een iii . and H from the Haskell model
S

are :

= N + 1.33 N < 2.86o s S

m. = -~M + 2 . 2 8  2.86 < M < 4 .90
O 3 s  s

in, = + 3.91 4.90 < N < 6 . 2 7
o 3 s  s

m = 6.00 6.2 7<M
b s

N and fault area (in lun
2
) are related by

1 o g S = ~~ - M — 2 .28  M < 6 . 7 6
3 s s

lo~’ S M — 4 . 5 3  6 . 7 6 < M < 8 . 1 2
5 5

log S = 2M - 12.65 8.12 < N < 8.22
S S

N = 8 . 2 2  S > 6080 km
2

if L = 2W is used.

——- .- —— - -  ~~~~~~_~~_t - - —- - ---—-—~~—~~~~~~ ---- - -- -~~--~~~~- —. — -~~~~--— -~~ —~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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if we assume a stress drop of 50 bars , then log N (in dyne clii)

and :1 are re la ted by

log N H + 18.89 N < 6.76
o S S

log N = ‘~M + 15.51 6.76 < M < 8.12
o 2 s  s

log N = 3M + 3.33 8.12 < M < 8.22
o S S

M = 8.22 log N > 28
a

These scaling relations f i t  observed data quite well. They should not

be used to determine the value of a parameter for any individual earth-

quake , since these “averages” , and the assumptions made to derive them,

are not exactly correct for any single event.

A review of work by Gutenberg and Richter reveals that their

relation was derived from tn,
0 

data at mostly 5 or 10 second period.

Models such as Aki’s (1967) a—square model which fit theoretical 1 sec

m.
b 

data to the Gutenberg—Richter relation are probably In error.
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FIGURE CAPTIONS

Fi gure 1. Plot of f a u l t  length  (along s t r ike )  versus f a u l t  w id th  (along

dip) for earthquakes in Table 1. Open circles are intra—

plate events; closed circles are interplate events. Numbers

r e f e r  to Table 1. ‘t hese conven t ions  are used f o r  a ll  p l o t s

of e a r t h quake data .

Figure 2. Plot of observed rise time versus theoretical rise times

from (5).

Figure 3. The Haskell (whole space) fault model.

Figure  4. Source spectra of surface waves (on l e f t )  and body waves .

Both are identical at frequencies below the corner

frequency. The body waves have a higher width corner

frequency than surface waves, which follows from (18), (20),

(23)  and ( 2 4 ) .  This d i f fe r e n c e  occurs because teleseismic

P waves , which  t akeof f  essent ia l ly  s t raight  down , have a

much higher apparent  ve loc i ty  (phase ve loc i ty )  than su r f ace

waves. Therefore the separation between rise time and width

corner frequencies (the w
2 

part of the spectrum) is much

gr eater for body waves than surface waves.

Figure 5. USCGS 
~
‘b 

versus M .  Lower data points are averages from

Evernden (1975) , corrected by adding 0.3 t o  ~~~ tj pp.cr points

(above horizontal line) are individua l carthq~ra~ e~’; f rom

Table 1. Dashed curve is m. —M relatloo from u—square
t) S

model.  Sol id curve is f rom (2f l  to  ( ‘S)  :15 de sc r ibed  in

the text.

Figure 6. M vt’r~~us log S d:ita with theoret ical curve f rom the

ntodi_’ i u t Iii S paper .
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Figure 7. M5 versus log data with theoretical curve from the

model in t h i s  paper .

Figure 8. Spectral ratios of similar earthquakes from Berckhemer

(1962). Numbers above each figure are magnitudes of the

larger and smaller of the events. Dashed line is u—square

model and solid line Is model from this paper. 
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